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Abstract 
The regenerative Hydrogen-Bromine (H2-Br2) fuel cells are considered to be one of the viable 
systems for large scale energy storage because of their high energy conversion efficiency, 
flexible operation, highly reversible reactions and low capital cost. The preliminary 
performance of a H2-Br2 fuel cell using both conventional as well as novel materials (Nafion 
and electrospun composite membranes along with platinum and rhodium sulfide 
electrocatalysts) was discussed. A maximum power density of 0.65 W/cm2 was obtained with 
a thicker Br2 electrode (780 μm) and cell temperature of 45
◦C. The active area and wetting 
characteristics of Br2 electrodes were improved upon by either pre-treating with HBr or boiling 
them in de-ionized water. On the other hand, similar or better performances were obtained 
using dual fiber electrospun composite membranes (maximum power densities of 0.61 W/cm2 
and 0.45 W/cm2 obtained with 25 μm and 65 μm electrospun membranes at 45◦C) versus using 
Nafion membranes (maximum power densities of 0.52 W/cm2 and 0.41 W/cm2 obtained with 
Nafion 212 and Nafion 115 membranes at 45◦C). The rhodium sulfide (RhxSy) electrocatalyst 
proved to be more stable in the presence of HBr/Br2 than pure Pt. However, the H2 oxidation 
activity on RhxSy was quite low compared to that of Pt. In conclusion, a stable H2 
electrocatalyst that can match the hydrogen oxidation activity obtained with Pt and a membrane 
with low Br2/Br
- permeability are essential to prolong the lifetime of a H2-Br2 fuel cell.  
A 1D mathematical model was developed to serve as a theoretical guiding tool for the 
experimental studies. The impact of convective and diffusive transport and kinetic rate on the 
performance of a H2-Br2 fuel cell is shown in this study. Of the two flow designs (flow-by and 
flow-through) incorporated in this study, the flow-through design demonstrated better 
performance, which can be attributed to the dominant convective transport inside the porous 
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electrode. Both experimental and simulated results validated that for the electrode properties 
and operating conditions selected, increasing the thickness of the Br2 electrode beyond a 
certain value does not have any effect on the discharge performance of the fuel cell. The 
reactant concentration available inside the Br2 electrode was greatly increased by operating the 
fuel cell at higher feed flow rates. Finally, the fuel cell configuration involving a thinner Br2 
electrode with higher specific active surface area was found to be the optimal choice for 
generating high performance. 
The commercially available carbon gas diffusion electrodes (GDEs) were commonly 
used as Br2 electrodes in the H2-Br2 fuel cell. However, the specific surface area of commercial 
carbon GDEs is quite low and needs to be enhanced. In order to improve the active surface 
area of carbon GDEs, a study was conducted where multi-walled carbon nanotubes 
(MWCNTs) were grown directly on the carbon electrode fiber surface. The results from multi-
step chronoamperometry study have shown that the synthesized carbon GDEs with MWCNTs 
have 7 to 75 times higher active surface area than that of a plain GDE. The carbon GDE with 
a dense distribution of short MWCNTs evaluated in a H2-Br2 fuel cell has 29 times higher 
active surface area than that of a plain carbon electrode and was found to be highly durable at 
an electrolyte flow rate of 10 cc/min/cm2. The performance of the best MWCNT GDE (1 layer) 
measured at 80% discharge voltage efficiency in a H2-Br2 fuel cell was found to be 16 times 
higher compared to that obtained using three layers of plain carbon electrodes. Finally, the 
preliminary material cost analysis has shown that the MWCNT-based carbon electrodes offer 
significant cost advantages over the plain carbon electrodes. 
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CHAPTER 1 
Introduction 
1.1. Significance of Electrical Energy Storage 
Electrical Energy Storage (EES) is an essential requirement because conventional power 
generating facilities (coal-fired or nuclear) have to be equipped to meet the varying power 
demands, which is quite challenging.1 On a given day, the power demand varies from time to 
time and so does the price associated with it. The power suppliers often use supplemental units 
such as oil and gas-fired generators to meet the peak power demand that usually lasts only for 
a few hours. The supplemental units are flexible, but their usage is less efficient due to two 
major reasons. First, the supplemental units operate on more expensive fuel than the base load 
(coal-fired or nuclear) power plants. Second, the capital cost associated with installation and 
operation of supplemental units is quite high. These limitations can be overcome by 
incorporating EES systems into the power generating industry. 
The EES system operates by storing electrical energy in a different form of energy that 
can be converted back to electrical energy when needed. The combination of EES and electrical 
power grid offers many advantages. With EES in place, the base load power plants can be 
designed to operate to meet average power demands rather than peak demands, which is known 
as either peak shaving or load leveling.2 Moreover, the quick response time capability of the 
non-mechanical EES systems prevents service interruptions and assists with continuous and 
flexible supply of electricity. From the consumer’s perspective, EES can minimize the 
electricity costs since it enables them to store electricity when the power prices are low and 
use it during the hours of peak power demand. Also, EES helps consumers when power failures 
occur during natural disasters. 
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The other emerging need for EES is to utilize intermittent renewable energy sources such 
as wind and solar. The use of renewable energy sources in the electricity generation was 
projected to increase from 18% in 2007 to 23% in 2035. Hydroelectric and wind energy were 
predicted to comprise 54% and 26% of the renewable electricity generation respectively.3,4 
Due to their unpredictable nature, a reliable EES technology is needed to exploit the full 
potential of renewable energy sources.  
1.2. Different Types of EES Systems 
Based on the energy form used, the EES technologies are categorized into mechanical, 
electrical, chemical, electrochemical, and thermal energy storage systems.  
1.2.1. Mechanical Storage Systems 
Pumped hydro storage (PHS), compressed air energy storage (CAES), and flywheel energy 
storage (FES) are the widely known mechanical energy storage systems. Both PHS and CAES 
use potential energy whereas FES uses kinetic energy.  
PHS is the most widely installed large scale EES system. In the PHS technology, the 
water is pumped between two reservoirs situated at different elevations. During the off-peak 
hours, the water is pumped from a lower reservoir to an upper reservoir (charge process).2,5 
When needed, electricity is generated by pumping the water back from the upper reservoir to 
the lower reservoir through a reversible turbine-generator. On the other hand, CAES 
technology stores energy in the form of compressed air (typically between 4 and 8 MPa) and 
when required, the stored energy is extracted using a combustion turbine-generator.2 There are 
several limitations despite PHS and CAES technologies being commercially available with 
large scale electrical energy storage capability and long lifetime. These technologies require 
large amounts of land and high installation costs. Also, a lot of trees and vegetation needs to 
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be cleared for construction, which creates environmental issues.2 Moreover, the CAES 
technology is limited by its low round-trip efficiency. 
In the case of FES technology, the electricity is stored in the form of kinetic energy by 
rotating the flywheel. The mass and speed of the flywheel rotation dictate the amount of energy 
stored. By reducing the speed of the flywheel, electricity can be extracted using an electrical 
generator. The advantages of implementing FES technology include excellent cycle stability, 
low maintenance, and high power densities. However, the FES technology is limited by slow 
response times, large maintenance costs, and high self-discharge rates due to air resistance.2 
1.2.2. Electrical Storage Systems 
Double-layer capacitor (DLC) and superconducting magnetic energy storage (SMES) are the 
widely known electrical energy systems.  
The conventional electrical capacitors consist of two metal plates separated by a non-
conducting layer of dielectric and stores the energy electrostatically. When there is a potential 
difference across the metal plates, an electric field develops across the dielectric resulting in 
the accumulation of positive charge at one plate and negative charge at the other plate. The 
energy density of conventional electrical capacitors is low and limited by the area of the 
dielectric material.2 However, the recently developed electrochemical double-layer capacitors 
have much higher energy storage capacity. Electrochemical double-layer capacitors, also 
known as supercapacitors electrostatically store the electrical energy by separating the charge 
formed in a Helmholtz double-layer at the interface between a conductive electrode (usually a 
solid carbon electrode with high surface area) surface and a liquid electrolyte.2,6 The charge 
distance separation in the electrical double layer is in the order of a few angstroms (3 to 8 
Angstroms).7 DLCs are capable of fast charge and discharge cycles due to their extremely low 
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internal resistance. The advantages of DLCs include high power density capability, short 
response times, and long life time.7 However, they are limited by low energy density values 
making them unsuitable for storing energy over longer periods of time. Also, the capital costs 
for installing DLCs are very high. 
SMES systems store electrical energy in an inductor made from superconducting 
material. They can also store electrical energy in the magnetic field created by passage of 
electric current. The inductors are usually soaked in liquid helium to keep them in a 
superconducting state. The energy stored in a SMES system is calculated using the equation, 
E = 0.5LI2, where L is the inductance of the coil and I is the electric current passing through 
the inductor coil. SMES systems have very high energy conversion efficiency (typically greater 
than 97%) and fast response times.2 However, the installation cost is very high and the strong 
magnetic field has a negative impact on the environment. 
1.2.3. Chemical Storage Systems 
Hydrogen (H2) and synthetic natural gas (SNG) are generated as energy carriers in widely 
installed chemical storage systems. In the presence of excess electricity, water is split into H2 
and oxygen (O2) using an electrolyzer. In order to produce SNG (or methane), there is an 
additional step where H2 is reacted with carbon dioxide. When required, the energy carriers 
are used to generate electricity. The advantage of the chemical storage systems is that they can 
store large amounts of energy (usually in Twh). However, the chemical energy storage 
technologies are still in the research and development phase and haven’t been commercialized 
yet.8 While SNG can take advantage of the already existing gas grid infrastructure, the 
efficiency of power generation using SNG is less than 35%, which is quite low. Currently, 
research efforts are underway to commercialize the chemical storage technologies.8 
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1.2.4. Thermal Storage Systems 
Thermal energy storage (TES) systems store materials in insulated containments to preserve 
their temperatures (high or low). Based on the temperature of the materials, heat or cold can 
be extracted and used to generate electricity using heat engine cycles. Depending on the 
operating temperature of the energy storage materials, the TES systems are classified into 
either low-temperature or high-temperature TES systems.2 The storage of sensible heat is the 
widely used method of all the thermal energy storage technologies. It is accomplished by 
simply changing the temperature of storage mediums such as water. One of the other important 
TES technologies involves latent heat storage, which can be accomplished using phase change 
materials (PCM).2 Materials such as molten salt and paraffin wax that undergo solid to liquid 
phase change are widely used as PCMs. The advantage of using latent heat storage is that a 
large amount of energy can be stored within a small volume and with minimal change in 
temperature. The disadvantages include slow response times, low round trip efficiency and 
large investments required to build the infrastructure.2 
1.3. Benefits of Electrochemical Energy Storage Systems  
Electrochemical energy storage systems provide direct conversion between electrical and 
chemical energy. The fast response time (typically in milliseconds) coupled with high 
performance and low cost makes electrochemical energy storage superior to other forms of 
energy storage described in the previous sections.9,10 While the widely installed mechanical 
energy storage systems require special terrain, the electrochemical energy storage systems 
don’t, making them suitable for both stationary and mobile applications.9 Also, most of the 
electrochemical energy storage systems have low impact on the environment and hence can be 
stationed near residential locations. Some of the widely used electrochemical energy systems 
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include electrochemical capacitors, secondary or rechargeable batteries, and flow batteries.9,10 
Figure 1.1 shows the energy and power densities of capacitors, electrochemical capacitors, 
batteries, and fuel cells/flow batteries.10 As shown in Figure 1.1, the high power densities of 
electrochemical capacitors contribute towards the power quality management but they are not 
suitable for large scale energy storage because of their low energy densities. On the other hand, 
batteries and flow batteries have the potential for large scale energy storage and will be 
discussed in the following sections. 
 
 
Figure 1.1. Power and energy densities of energy storage technologies10 
[Nguyen et al. (2010)] 
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1.3.1. Secondary Batteries (Rechargeable Batteries) 
Secondary or rechargeable batteries are the oldest and most widely used electrochemical 
energy storage devices. Some of the mature and commercially available battery technologies 
are discussed in this section. 
1.3.1.1. Lead-Acid Batteries  
Lead-acid batteries are the most widely used electrochemical energy storage devices due to 
their reliability, high efficiency (70%-76%), and low cost.2 The lead acid battery consists of 
lead (Pb) and lead oxide (PbO2) electrodes in a sulfuric acid electrolyte (concentrations close 
to 6M). During discharge, Pb and PbO2 electrodes are converted to lead sulfate, the electrolyte 
loses the dissolved sulfuric acid, and water is generated. The process is reversed during charge. 
The cell reactions are shown below. 
Pb electrode: 𝑃𝑏 + 𝑆𝑂4
2−
 𝑃𝑏𝑆𝑂4 + 2𝑒
−  
PbO2 electrode: 𝑃𝑏𝑂2 + 𝑆𝑂4
2− + 4𝐻+ + 2𝑒− 𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂  
Overall: 𝑃𝑏 + 𝑃𝑏𝑂2 + 2𝐻2𝑆𝑂4  2𝑃𝑏𝑆𝑂4 + 2𝐻2𝑂 
The disadvantages of lead-acid batteries include overcharging and freezing point 
depression of the electrolyte. While charging the lead-acid battery, the water in the electrolyte 
can decompose to hydrogen and oxygen gases, resulting in the loss of electrolyte and leading 
to poor discharge performance. The electrolyte in the lead-acid battery is diluted during 
discharge and more likely to freeze during winter.11 
1.3.1.2. Sodium-Sulfur Batteries 
Sodium sulfur batteries consist of molten sulfur and sodium electrodes separated by a beta 
alumina ceramic electrolyte.2,6 During discharge, the sodium in the negative electrode is 
discharge
charge
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discharge
charge

discharge
charge

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oxidized and generates electrons that travel through the external circuit and the sodium ions 
flow through the electrolyte to combine with sulfur anions generated by the reduction reaction 
of sulfur and form polysulfides. The beta alumina ceramic electrolyte allows only the Na+ to 
pass through as it is a poor electronic conductor. During charge, sulfide in sodium polysulfides 
is oxidized to sulfur and the sodium ions are released to be transported through the electrolyte 
to the sodium electrode where they are reduced to sodium metal. The electrochemical reactions 
associated with the sodium-sulfur battery are shown below. 
Na electrode: 2𝑁𝑎 2𝑁𝑎+ + 2𝑒−  
S electrode: 𝑥𝑆 + 2𝑒− 𝑆𝑥
2−  
Overall: 2𝑁𝑎 + 𝑥𝑆 𝑁𝑎2𝑆𝑥 
The major drawbacks associated with this system are high temperature operation 
(between 300 and 350oC), which consumes a part of the battery’s own stored energy. Also, 
potential fires could result when elemental sodium comes into contact with air or moisture.2,9 
1.3.1.3. Lithium-Ion Batteries  
One of the other battery systems that are widely used for small scale applications are lithium-
ion batteries.2,6 A lithium-ion battery consists of a lithiated metal oxide (LiCoO2, LiMO2, 
LiNiO2 etc.) electrode and a graphitic carbon electrode separated by a lithium salt electrolyte 
(LiPF6). During charge, the metal ions in the lithiated metal oxide electrode are oxidized and 
the Li ions are released to move through the electrolyte to the carbon electrode where they are 
reduced to lithium metal and get intercalated in the graphitic carbon electrode. When the cell 
needs to discharge, the reverse process occurs. The cell reactions are shown below. 
discharge
charge
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charge
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charge

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Lithiated metal oxide electrode: 𝐶𝑜𝑂2 + 𝐿𝑖
+ + 𝑒− 𝐿𝑖𝐶𝑜𝑂2  
Graphitic carbon electrode: 𝐿𝑖𝐶6 𝐿𝑖
+ + 𝑒− + 𝐶6  
Over 50% of the small scale appliances such as laptops, batteries, and hybrid electrical 
vehicles use lithium-ion batteries.2 Lithium-ion batteries are currently replacing the lead-acid 
batteries due to their significantly higher energy densities. However, the major limitation is the 
flammable nature of the electrolytes used in the lithium-ion batteries.9 
1.3.2. Limitations of Secondary Battery Technologies 
Secondary battery technologies suffer from two major limitations. First, the electro-active 
species are stored internally in the secondary batteries. As a result, the power density and 
energy density of the battery are coupled. The power density of the battery depends upon the 
catalytic, electrical, and transport properties of the electrode whereas the energy density is 
correlated to the mass of the electro-active species. When more energy is required, multiple 
battery units have to be added which leads not only to unnecessary costs (e.g. cost of electrodes, 
electrolytes, and separators) but also to lower cell efficiencies due to increase in internal 
resistances.9 Second, electrodes in the secondary battery are also part of the electrochemical 
fuel and, hence, undergo significant physical and chemical changes during the charge and 
discharge cycles.10  
1.3.3. Flow Batteries/Reversible Fuel Cells 
The limitations of secondary batteries can be overcome by using flow batteries or reversible 
fuel cells. The electro-active species in the flow batteries are stored externally and hence the 
energy density and power density can be decoupled. The electro-active species are only 
introduced into the power conversion device when required.9,10,12,13 While flow batteries can 
be considered as reversible fuel cells, a lot of fuel cell technologies such as hydrogen–oxygen 
discharge
charge
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charge
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system cannot be considered as flow batteries because of their poor reversibility. Note that, 
while a reversible fuel cell is essentially a flow battery, what differentiates a fuel cell from a 
flow battery is that the reactions at one or both of the fuel cell electrodes require a catalyst. A 
conventional redox flow battery (RFB) has all the electroactive species stored outside the 
power conversion device in the form of liquid electrolytes (e.g. all vanadium, iron-chromium 
etc.). Some of the other conventional RFBs have a gaseous reactant flowing through one or 
both the electrodes (e.g. hydrogen-bromine, hydrogen-chlorine etc.). The systems where one 
of the electro-active species is stored internally are labelled as hybrid flow batteries (e.g. zinc-
bromine, zinc-chlorine etc.). RFBs are suitable for energy storage applications with power 
ratings from 1 KW to 100’s of MW.9,12-13 
Figure 1.2 shows a schematic of a RFB.10 In the presence of excess energy either from 
wind or solar, the power conversion device is used to store the electrical energy in the form of 
chemical energy (charge process) and the process is reversed when electrical energy is required 
(discharge process). The concentration of the electroactive species in the storage tanks can be 
controlled and monitored. A membrane or a porous separator is usually present between the 
anode and the cathode to prevent the crossover of unwanted electro-active species and to allow 
the common counter ion carrier to maintain electroneutrality. The crossover of unwanted 
electro-active species results in a chemical short circuit. The fact that the electrodes of these 
RFBs act as the conversion sites for the reactants and are not part of the reactant/product system 
implies these systems have much longer cycle life than conventional rechargeable batteries.9,12-
13 The energy level in these fuel cells is determined by the concentration and volume of the 
reactants whereas the power level is determined by the electrode size and number of cells in 
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the stack. Since the electrodes are separated from the electro-active reactants, they are immune 
to physical and chemical degradation. 
 
 
Figure 1.2. Schematic of a redox flow battery during discharge10 [Nguyen et al. (2010)] 
 
There are few limitations with using RFBs for electrical energy storage. First, the RFB 
systems require a lot of infrastructure such as pumps, storage tanks, and sensors.9,10 Second, 
most of the RFBs are still in the research phase and only a few RFBs such as the all vanadium 
and zinc-bromine systems are commercially deployed.9  
1.3.4. Redox Flow Battery Chemistries 
Table 1.1 shows some of the mature redox flow battery chemistries that were commercially 
deployed for large scale EES. 
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Table 1.1. Different redox flow battery chemistries with reactions and cell potentials9,10,11,13 
System Reactions    Ecello 
Iron/Chromium Iron: Fe2+ Fe3+ +e- 
Chromium: Cr3+ +e-
 
 Cr2+ 
1.2 V 
Bromine/Polysulfide Bromine: Br2 + 2e- 2Br- 
Polysulfide: 2S22- S42- + 2e- 
1.5 V 
All Vanadium Negative: V2+ V3+ + e- 
Positive: VO2+ + e- VO2+ 
1.3 V 
Zinc/Bromine 
(Hybrid) 
Zinc: Zn Zn2+ + 2e- 
Bromine: Br2 + 2e- 2Br- 
1.8 V 
 
  
Of all the redox flow technologies listed in Table 1.1, all vanadium system is the most 
mature and widely commercialized system. Maria Skyllas-Kazacos and co-workers proposed 
the all-vanadium flow battery system in 1984 at the University of New South Wales.9,14 The 
advantage of using an all vanadium system is that the crossover issues are minimal. The 
electrolyte used in both the electrodes are essentially composed of a single element (vanadium 
in this case) with different oxidation states. The crossover of common vanadium cations might 
result in an efficiency loss but the electrolytes can still be electrochemically restored to their 
original forms.9,14 Often, some of the all vanadium systems use a microporous separator instead 
of a proton conducting membrane. The limitations of the all vanadium system are high prices 
of vanadium and the low solubility of vanadium in the electrolyte solution. Some of the 
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practical demonstrations include a 250 kW/520 kWh system established in South Africa (2001) 
and a 250 kW/1 MWh system installed by Hydro Tasmania in Australia for wind energy 
storage (2003). Also, a 1 MW/8 MWh vanadium redox flow battery demonstration was funded 
by United States Department of Energy (DOE) in 2010.9 
The first 1 kW iron-chromium redox flow battery prototype was developed in 1980 by 
National Aeronautics and Space Administration (NASA) and other similar demonstrations 
were developed by Japan and Spain in the mid 1990s.9 The reason behind exploring iron-
chromium system was the availability and low cost of iron and chromium materials. However, 
the iron-chromium system was not widely commercialized because the energy densities were 
low and chromium reactions were very slow, thus requiring expensive catalysts. Bromine-
polysulfide redox flow battery was one of the other mature technologies that was considered 
because of the abundance and low cost of active species used in them. The bromine-polysulfide 
RFB was tested by Regenesys technology from 1993 to 2006 and was later acquired by VRB 
power systems.9 A 12 MW/120 MWh bromine-polysulfide RFB at utility scale was 
demonstrated by Regenesys technology.9 Even though the bromine-polysulfide battery came 
close to commercialization, technical issues such as cross contamination, and expensive 
sodium polysulfide synthesis process restricted their advancement.9,12-14 
The hybrid zinc-bromine battery is one of the other flow battery systems that was 
successfully demonstrated for energy storage.2,9 One of the projects was a 250 kW/500 kWh 
utility system installed in New South Wales, Australia to complement an existing 20 kW 
photovoltaic system.9 The scale up and commercialization of zinc-bromine flow battery is still 
limited by formation of zinc dendrites that result in short-circuiting across the microporous 
separator.9,12 Also, bromine complexing agents used in this system are quite expensive. 
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In addition to the above discussed RFBs, vanadium-polyhalide, hydrogen-bromine, and 
zinc-cerium are among the several other promising flow battery technologies.10 Several 
research efforts conducted in this area have identified the reversible hydrogen-bromine (H2-
Br2) fuel cell as one of the suitable systems for large scale electrical energy storage because of 
its numerous advantages such as rapid Br2 and H2 reaction kinetics, low cost ($1-$3 per kg of 
hydrobromic acid), and relative abundance of the active materials used in this system.15-19  
However, the toxicity and corrosivity of the HBr/Br2 electrolyte used in this system poses 
major safety and durability challenges that need to be addressed. 
1.4. History of Reversible Hydrogen-Bromine (H2-Br2) Fuel Cell 
Hydrogen-Bromine (H2-Br2) fuel cell was first investigated by Werner and Glass in 1965.
15 In 
this study, the properties (electrical conductivity and density) of hydrobromic acid-bromine-
water solutions were determined. Also, the preliminary H2-Br2 fuel cell performance was 
measured in this study. The H2-Br2 fuel cell received a lot of attention between mid-1970s and 
early 1980s due to the energy crisis and was considered for storing solar and wind energy.16,17 
Between mid-1980s and late 1980s, NASA and Texas Instruments examined the feasibility of 
reversible H2-Br2 fuel cells for aerospace and solar energy storage applications.
20,21 A more 
stable Nafion membrane, which was newly introduced into the fuel cell market in early 1980s 
was incorporated to improve the performance of these H2-Br2 fuel cells. A start-up company 
by the name of Solar Reactor Technologies, Inc. in collaboration with University of Florida 
examined H2-Br2 and H2-Cl2 fuel cell systems for grid storage.
21 This start-up company was 
eventually shut down due to lack of government’s interest in solar energy during 1990s.21 
However, the recent interest in renewable energy storage has generated interest in H2-Br2 and 
other flow battery technologies. 
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1.5. Regenerative Hydrogen-Bromine (H2-Br2) Fuel Cell 
The regenerative H2-Br2 fuel cell has been a subject of notable interest and is considered as 
one of the suitable candidates for large scale electrical energy storage. A conventional H2-Br2 
fuel cell consists of a H2 electrode and a Br2 electrode separated by a proton exchange 
membrane as shown in Figure 1.3.22 The starting material in the H2-Br2 fuel cell system is 
hydrobromic acid (HBr). With excess energy from either wind or solar, the HBr solution is 
electrolyzed to form H2 and Br2 at their respective electrodes (charge process) and the process 
is reversed during discharge. Also, the bromide (Br-) ion in the solution may react with neutral 
bromine (Br2) species to form a tri-bromide (Br3
-) complex. The electrochemical and 
complexation reactions involved in this fuel cell system are shown below. 
 
Electrochemical reactions 
H2 electrode:  𝐻2 2𝐻
+ + 2𝑒−      𝐸𝐻2
𝑜 = 0 𝑉  
           Br2 electrode:  𝐵𝑟2 + 2𝑒
− 2𝐵𝑟− 𝐸𝐵𝑟2
𝑜 = 1.09 𝑉 
                  Overall: 𝐵𝑟2 + 𝐻2 2𝐻𝐵𝑟          𝐸𝑐𝑒𝑙𝑙
𝑜 = 1.09 𝑉 
 
where 𝐸𝐻2
𝑜 ,  𝐸𝐵𝑟2
𝑜 , and 𝐸𝑐𝑒𝑙𝑙
𝑜  represent the hydrogen, bromine, and overall cell potentials at 
standard conditions (concentration of 1M and activity of 1 for aqueous and pure species, and 
pressure of 1atm for gaseous species at 25oC). 
 
Complexation reactions 
Br2 + Br
-                   Br3
- Keq = 16 
2Br2 + Br
-                   Br5
- Keq = 40 19 
discharge
charge

discharge
charge

discharge
charge

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where Keq is the equilibrium constant. The HBr electrolyte complexes the Br2 present in the 
H2-Br2 system thereby enhancing its solubility. The overall cell potential can be calculated for 
the deviation in standard concentration conditions by using the Nernst equation. 
𝐸 = 𝐸𝑜 −
𝑅𝑇
𝑛𝐹
𝑙𝑛
(𝑎𝐻+)
2(𝑎𝐵𝑟−)
2
(𝑝𝐻2)(𝑎𝐵𝑟2)
                                                                                                  [1.1] 
where ai represents the activity of aqueous species; pi represents the partial pressure of gas; R 
represents the universal gas constant; T represents the temperature in K; n represents the 
number of electrons in the reaction and F represents the Faraday constant.  
The temperature dependence on the cell potential is determined by the following equation. 
(
𝜕𝐸
𝜕𝑇
)
𝑝
=
∆𝑆
𝑛𝐹
                                                                                                                                     [1.2] 
where E and S represents the cell potential and entropy 
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Figure 1.3. Schematic of a reversible H2-Br2 fuel cell system
22 [Kreutzer et al. (2012)] 
 
1.6. Components of a Reversible H2-Br2 Fuel Cell 
A reversible H2-Br2 fuel cell consists of the H2 and Br2 electrodes, an ion exchange membrane, 
two flow field plates, and two current collectors enclosed between the end plates.  
1.6.1. H2 Electrode 
The H2 electrode configuration used in a polymer electrolyte membrane fuel cell is used in a 
H2-Br2 fuel cell as well.
23 High surface area carbon supported platinum (Pt) catalyst is used to 
catalyze the hydrogen oxidation and evolution (HOR/HER) reactions. The catalyst ink is 
prepared by mixing the Pt catalyst with a Nafion ionomer and polytetrafluoroethylene (PTFE) 
suspension, which is then coated onto the microporous layer (MPL) of a bi-layer carbon gas 
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diffusion materia to form a gas diffusion electrode (GDE). The purpose of the Nafion ionomer 
is to provide ionic pathways for the hydronium ions (H3O
+) whereas the Pt/C catalyst provides 
electronic conduction pathways. Finally, the PTFE dispersion assists in handling two phase 
(gas and liquid) transport and prevents the H2 electrode from flooding.
23 The H2 electrode is 
hot pressed onto an ion exchange membrane (usually Nafion) to provide continuous ionic 
conduction pathways between the Nafion ionomer present in the catalyst layer (CL) and the 
membrane. 
One of the other approaches used to synthesize H2 electrodes was by coating the Pt 
catalyst ink directly onto the membrane. These types of electrodes are known as catalyst coated 
membranes (CCMs). The CCMs are later physically coupled with the gas diffusion layers to 
form the H2 electrodes. 
1.6.2. Br2 Electrode 
While the H2 reactions currently require the use of precious metal catalysts like platinum, the 
bromine reactions don't since reasonable exchange current densities can be obtained with 
carbon materials.24 Even though the exchange current density of the Br2 reactions on platinum 
is two orders of magnitude higher than that on plain carbon materials, the corrosivity and 
toxicity of hydrobromic acid (HBr) and Br2 species makes it impractical to use any noble metal 
catalysts in the Br2 electrode.
24 Carbon electrodes with high porosity are widely used to 
maximize the utilization of aqueous reactants (HBr/Br2).  
1.6.3. Membrane 
The Br2 electrode and the H2 electrode are separated by a proton exchange membrane (Nafion). 
The structure of Nafion is shown in Figure 1.4. As shown in Figure 1.4, the Nafion structure 
consists of a Teflon backbone (-CF2-CF2-) with sulfonate (-SO3H) groups. The protons are 
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migrated along the SO3H groups. The SO3H groups are hydrophilic and hence attract liquid 
water. Nafion membranes are commercially available in different thicknesses.23 Nafion 112 
(51 µm), Nafion 115 (127 μm), and Nafion 212 (51 µm) are the widely used proton exchange 
membranes. The difference between Nafion 112 and Nafion 212 membranes is their synthesis 
process. Nafion 112 membrane is synthesized by an extrusion process whereas Nafion 212 is 
synthesized by a solution casting process. The advantage of the solution casting process is that 
it avoids membrane dehydration, which is usually a limitation associated with extrusion at high 
temperatures. 
 
 
Figure 1.4. Structure of a Nafion membrane 
 
1.6.4. Flow Field Plates and Current Collectors 
Graphite or carbon blocks are widely used as flow plates because they are immune to corrosion 
unlike most of the metals. A polymeric binder of some kind is required to fabricate these 
graphite blocks. The graphite layers in the graphite block might be de-laminated since bromine 
can attack the polymeric binder (shown in Figure 1.5). In conclusion, graphite flow fields can 
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be used in the H2 electrode but not in the Br2 electrode. Tantalum and Niobium are the only 
two metals that can withstand the corrosive Br2 environment.
25  
On the other hand, current collectors can be fabricated from either stainless steel or 
copper. However, they might need to be replaced occasionally if they come into contact with 
HBr/Br2 solution due to leakage in the fuel cell stack.  
 
 
Figure 1.5. Graphite flow field after being exposed to HBr/Br2 solution 
 
1.7. Performance of a H2-Br2 Fuel Cell 
For every electrode or half-cell in an electrochemical system, there is a voltage source 
(electrochemical potential) and three resistance sources (activation, ohmic and mass transport 
resistances). These are represented by the schematic and circuit-analog drawings shown in 
Figure 1.6. Since these resistances are in series, the voltage losses are additive and can be 
represented by the following equation.  
 
                      ∆𝑉(𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑙𝑜𝑠𝑠) = 𝐼𝑅𝑡𝑜𝑡𝑎𝑙 =  𝐼(𝑅𝑎𝑐𝑡 + 𝑅𝑜ℎ𝑚 + 𝑅𝑚𝑎𝑠𝑠)                         [1.3]    
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Figure 1.6. Voltage (electrochemical potential) and resistance sources (activation, ohmic, 
and mass transport resistances) represented by a schematic and a circuit analog 
 
The open circuit voltage (OCV) represents the voltage between the two electrode 
terminals of a electrochemical cell at zero current. The polarization curve is obtained by 
plotting voltage versus current density. A potential below the OCV is applied to discharge the 
electrochemical cell. The activation resistance (Ract), often represented by the Butler-Volmer 
or similar equations, can be linear or non-linear (exponential) depending on the magnitude of 
the exchange current density or the rate constant (shown in Figure 1.7). As shown in Figure 
1.7, the performance (polarization curve) trend is linear when the exchange current density is 
high and non-linear when it is low. The performance regions associated with ohmic (Rohm) and 
mass transport (Rmass) resistances are usually linear. 
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                 Figure 1.7. Effect of exchange current density on the activation resistance 
 
Figure 1.8 shows two sets of typical fuel cell polarization curves highlighting the 
activation, ohmic, and transport controlled regimes. The first set of polarization curves 
represents a reaction with a low exchange current density like the oxygen reaction and the 
second set of polarization curves represents a reaction with high exchange current density like 
the hydrogen or bromine reactions. At low currents, the activation loss arises from slow 
electrochemical reactions at the electrode surface. The large activation loss in a Hydrogen-
Oxygen (H2-O2) fuel cell is caused by the slow kinetics of the oxygen reduction reaction. The 
ohmic loss is caused by ionic resistance in the electrolytes and electrodes, electronic resistance 
in the electrodes, current collectors and finally the contact resistances. The voltage drop is 
directly proportional to the resistance (Rohm) and current (I) as shown in the following equation.  
                                                       V = IRohm                                                                                                      [1.4] 
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At higher current densities, the concentration loss occurs due to reactant depletion. The 
transport rate of reactants to the electrode surface cannot support the required reaction rate. 
This results in mass transport limited performance. For a full electrochemical cell with two 
electrodes, there is another set of voltage and resistances. One can combine the voltage sources 
and the resistances at both electrodes for the whole cell to calculate the total voltage losses of 
an electrochemical cell.  
 
 
Figure 1.8. Electrochemical cell performances showing different voltage losses associated 
with high and low exchange current density reactions  
 
The performance of H2-Br2 and H2-O2 fuel cells is shown in Figure 1.9. Even though the 
H2-O2 fuel cells are known for their higher gravimetric energy density and long cell life, their 
performance is affected by the sluggish oxygen reduction kinetics as shown in Figure 1.9.22 In 
the case of the Hydrogen-Bromine (H2-Br2) fuel cells, faster reaction kinetics reduces the 
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activation losses and enhances the electric-to-electric energy conversion efficiency. Due to the 
rapid kinetics of bromine and hydrogen reactions, the performance of a H2-Br2 fuel cell is often 
limited by mass transport. The bromine electrode has been identified as the most likely 
transport limiting component because of the slower liquid phase transport rates of its aqueous 
species. A recent study by Kreutzer et al. comparing the performance of the H2-O2 and H2-Br2 
systems shows that the latter is a suitable option for energy storage because of its high energy 
conversion efficiency and power density capability.22 
 
 
Figure 1.9. Performance of H2-Br2 and H2-O2 fuel cells at room temperature (25ºC)
 22 
[Kreutzer et al. (2012)] 
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1.8. Motivation and Objectives 
The H2-Br2 fuel cell has been extensively studied in the past highlighting numerous advantages 
and some limitations of the system.15-19,22,24 Despite the numerous attractive features offered 
by the H2-Br2 fuel cell, there are some major material-related challenges that need to be solved 
to bring this system to commercialization. During fuel cell operation, especially in the charge 
direction, there is a possibility of species such as bromine (Br2), bromide (Br
-), and tri-bromide 
(Br3
-) crossing over to the H2 electrode through the polymer electrolyte membrane due to 
electroosmotic drag. Subsequently, this will poison and corrode the platinum (Pt) catalyst. The 
crossover may severely affect the fuel cell performance. Fuel cell lifetime is reduced as the 
rate of crossover increases.  
There are two possible approaches to limit the effect of crossover. The first approach is 
to use a membrane that is impermeable to bromine, bromide, and tri-bromide cross over. The 
second approach is to use an alternative H2 catalyst with similar activity as Pt that is stable in 
the HBr/Br2 environment. Hence, alternative catalyst and membrane materials are required to 
prolong the lifetime of the H2-Br2 fuel cell. In chapter 2, the preliminary performance of a H2-
Br2 fuel cell using both conventional as well as novel materials (Nafion and electrospun 
composite membranes along with Pt and RhxSy electrocatalysts) will be discussed. The 
electrospun composite membranes were provided by Dr. Pintauro’s research group at 
Vanderbilt University.  
Several experimental investigations have been conducted to evaluate the H2-Br2 fuel cell 
system but only a few mathematical models exist in literature.27,28 In chapter 3, a one-
dimensional, steady state mathematical model of a H2-Br2 fuel cell based on dilute solution 
theory is developed to identify the transport processes and components that limit the 
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performance of this system and component and cell designs that will enhance the performance 
of the system. Also, the purpose of this model is to serve as a theoretical guiding tool for the 
future experimental studies of this system. Several case studies impacting the kinetic rate and 
mass transport in the fuel cell are discussed in this study by varying the magnitude of the key 
parameters. 
Typically, a plain porous gas diffusion electrode (GDE) with high porosity was used as 
the Br2 electrode However, the specific surface area of commercially available porous carbon 
GDEs is quite low and needs to be improved. The high porosity facilitates the liquid electrolyte 
to access most of the active surface area associated with the carbon electrode. Hence, it is 
important that morphological properties (porosity and tortuosity) of the carbon electrode 
remain undisturbed while improving the active surface area. Hence, an alternate approach that 
can increase the active surface area without affecting the transport related morphological 
properties like porosity and tortuosity of the electrode is needed.  
A novel approach to enhance the existing carbon electrode surface area without 
significantly affecting the porosity and the electrode thickness is discussed in chapters 4 and 
5. The aim of this approach is to grow nanotubes directly onto the electrode fiber surface to 
create high active surface area. The synthesis of these carbon nanotube (CNT) electrodes and 
their preliminary performance are presented in chapter 4. In chapter 5, the optimization process 
employed to increase the active surface area and durability of the CNT based electrodes is 
discussed. Also, the durability and performance of the CNT based electrodes are analyzed in 
chapter 5. Finally, a preliminary cost analysis from the materials perspective that highlights 
the cost benefits of using novel CNT based electrodes over commercially available porous 
carbon electrodes is shown in chapter 5. 
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CHAPTER 2 
A Comprehensive Study of an Acid-Based Reversible Hydrogen-Bromine 
Fuel Cell System 
2.1. Introduction 
A conventional H2-Br2 fuel cell consists of a H2 electrode and a Br2 electrode separated by a 
proton exchange membrane. However, microporous membrane and membrane-less versions 
of several fuel cell systems have also been investigated.1-3 Recently, Braff et al. developed a 
membrane-less version of the H2-Br2 flow battery to reduce the cost and ease the hydration 
requirements associated with the system.1 As discussed in the first chapter, the H2-Br2 fuel cell 
needs a membrane that limits the crossover of unwanted species (Br2, Br
-, and Br3
-), and an 
active electrocatalyst for hydrogen reactions that is stable in the corrosive HBr/Br2 
environment. In this chapter, studies involving novel membrane and catalyst materials will be 
discussed. 
An optimum membrane should have high conductivity and ionic selectivity as well as be 
resistant to negative hydration effects. The negative hydration effects can be explained as 
follows. When the proton exchange membrane (PEM) is not hydrated, the transport of protons 
across the membrane effectively goes to zero due to the incomplete dissociation of ionic groups 
(-SO3
-H+) within the membrane.4 When a membrane is too hydrated, the polymer swells 
causing the ionic pathways through the membrane to open up and allow larger chemical species 
to diffuse across the membrane. The ionic selectivity has been shown to change drastically 
with the relative hydration of the PEM.5 Several previous studies have explored using 
electrospun nanofiber composite membranes (usually a blend of inert polymer and Nafion) for 
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PEM and direct methanol fuel cells in order to address issues such as the excessive swelling 
and high permeability of commercially available Nafion membranes.6-8  
The purpose of making electrospun composite membranes is to create a sufficient 
number of ionic pathways available for protons to move through the membrane, while also 
physically preventing the membrane from swelling at high relative humidity. Even though the 
electrospun composite membranes reduce the crossover of unwanted species, it is challenging 
to fabricate a membrane that can completely prevent the crossover of unwanted species while 
also allowing for sufficient ionic conductivity of desired species. However, the electrospun 
composite membrane may reduce the rate of crossover enough to prolong the life of catalyst 
materials used in the fuel cell. In conclusion, an active H2 electrocatalyst stable in HBr/Br2 
environment is still needed to avoid any negative impact of crossover species on the H2-Br2 
fuel cell performance. 
Prior works have shown that the instability of Pt catalyst material in HBr/Br2 
environment was due to blockage of active sites (poisoning) and dissolution of catalyst material 
(corrosion).9,10 The poisoning effect is reversible and thus can be mitigated to a certain extent 
by holding the H2 electrode at hydrogen evolution potentials. However, the corrosion effect is 
irreversible and hence the catalyst material that decomposes over time cannot be recovered. 
Several previous works have screened transition metal chalcogenides as oxygen reduction 
catalysts for hydrochloric acid (HCl) electrolysis and conventional direct methanol fuel cells 
(DMFC).11,12 Of the transition metal chalcogenides investigated, rhodium sulfide (RhxSy) was 
identified as one of the stable and active electrocatalysts for the oxygen reduction reaction in 
the presence of a corrosive acidic environment.11-15 Similarly, the activity of H2 reactions on 
transition metal sulfides was examined in some of the previous works as well.16,17 The RhxSy 
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catalyst was also found to be a stable (in HBr/Br2 environment) and active electrocatalyst for 
hydrogen evolution reaction during HBr electrolysis.10,17,18 Even though some of the other 
transition metal sulfides such as cobalt ruthenium sulfide (Co1-xRuxS2), ruthenium sulfide 
(RuS2), and tungsten disulfide (WS2) were stable in highly corrosive HBr/Br2 solutions, their 
hydrogen evolution reaction and hydrogen oxidation reaction (HER/HOR) activity was too 
low to be considered as active electrocatalysts.17  
The RhxSy electrocatalyst is composed of multiple phases such as Rh2S3, Rh, Rh3S4, and 
Rh17S15. Prior works have identified metallic Rh, Rh17S15 and Rh3S4 to be the likely active 
phases for HER/HOR.11,13 Since the price of Rh is equally high as platinum, the only advantage 
it offers is its stability. An alternate approach to reduce the impact of crossover is to alter the 
fuel cell system design or operation to allow platinum to be used as a feasible electrocatalyst. 
For example, Cho et al. claims that maintaining the hydrogen electrode at a hydrogen evolution 
potential or a continuous flow of H2 gas through the hydrogen electrode prevents Pt catalyst 
poisoning by bromine and bromide ions.19 However, even the leverage provided by smart 
system design or operation may still fail in situations such as emergency system shut down or 
loss of hydrogen environment. The best possible solution to avoid the impact of crossover is 
to develop a stable electrocatalyst with decent activity for hydrogen reactions. 
In this chapter, preliminary fuel cell test results with conventional Nafion membranes 
and Pt electrocatalysts are discussed in the first section. The preliminary results include the 
effect of Br2 electrode pre-treatment, fuel cell operating temperature, and Br2 electrode 
thickness on the H2-Br2 fuel cell performance. The second section focuses on studies of Pt 
involving the performance evaluation of electrospun composite membranes and the stability  
and RhxSy (purchased from BASF) electrocatalysts in an actual fuel cell fixture.   
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2.2. Experimental 
2.2.1. H2-Br2 Fuel Cell Assembly 
The components required to assemble a H2-Br2 fuel cell are end plates, current collectors, flow 
field plates, and a membrane electrode assembly (MEA). The fuel cell components are shown 
in Figure 2.1. The side of the MEA with H2 electrode (Pt/C electrode) hot pressed onto the 
membrane along with the Teflon gasket is shown in Figure 2.1c. The Teflon gasket acts as a 
sealing agent in the fuel cell assembly. As shown in Figure 2.1d, a graphite flow field plate 
was used in the H2 electrode whereas a tantalum flow field than can withstand the  
 
 
Figure 2.1. H2-Br2 fuel cell components (a. aluminum end plates with fittings, b. Stainless 
steel current collectors, c. membrane electrode assembly, and d. graphite and tantalum flow 
field plates) 
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corrosive nature of HBr/Br2 was used in the bromine electrode compartment. Figures 2.1a and 
2.1b show the aluminum endplates and stainless steel current collectors respectively. Prior to 
assembling the fuel cell, flow field plates and current collectors were polished to ensure good 
electrical contact. The H2-Br2 fuel cell after assembly is shown in Figure 2.2. On the Br2 side, 
the tantalum plate serves as a flow field and a current collector. The HBr/Br2 electrolyte was 
fed through the side inlet in the Teflon block located behind the tantalum flow field plate 
whereas the H2 gas was fed through the side inlet in the graphite flow field block.  
 
 
Figure 2.2. H2-Br2 fuel cell fixture after assembly 
 
Flow field plates (4 cm x 4cm) with a flow area of 2.25 cm2 (1.5 cm x 1.5 cm) were used 
in this study. The dimensions of the electrodes and the Teflon gasket openings were 1.7 cm x 
1.7 cm and 1.8 cm x 1.8 cm respectively. The electrodes were centered to cover the whole flow 
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area. The currents measured during the experiment were normalized to the flow area (2.25 
cm2).  
2.2.2. Flow Field Designs 
Figure 2.3 shows the flow field designs (interdigitated and serpentine) used to transport the 
reactants and products to and from the electrodes of the fuel cell. The flow field plates were in 
constant contact with the electrodes. The dominant transport mechanism when using the 
serpentine flow field design is diffusion since it forces the reactants to flow parallel to the 
electrode surface. However, there is a small amount of convection as a result of a pressure 
gradient between the adjacent channels in the serpentine flow field (shown by the arrows). On 
the other hand, the intergitated flow field design consists of dead-end channels, which forces 
the reactants to flow through the gas diffusion layer. The dominant transport mechanism when 
using the interdigitated flow field design is convection and as a result the diffusion distance 
between the gas diffusion layer and catalyst layer for the reactants was reduced. The 
interdigitated flow fields, which have shown to provide the best utilization of the electrode 
area, were used in this study because of their flow-through versus flow-by characteristics of 
other flow fields such as the straight-parallel-channel and serpentine-channel flow fields.20 
 
 
Figure 2.3. Serpentine (left) and Interdigitated (right) flow field designs 
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2.2.3. H2-Br2 Fuel Cell Operation 
After assembling the H2-Br2 fuel cell, the following procedure is implemented to obtain the 
polarization curve. A potentiostat/galvanostat from Arbin Instruments was used to control the 
applied potential and measure the current. 
1. Initially, humidified H2 gas and HBr/Br2 electrolyte were recirculated through the 
hydrogen and bromine electrodes respectively to establish an open circuit voltage 
(OCV). 
2. The reactants were recirculated through their respective electrodes for 30 minutes to 
hydrate the membrane and the ionomer present in the H2 electrode. 
3. Next, the discharge performance was acquired by applying potentials in steps of 50 mV 
between OCV (1V for 2M HBr/1M Br2 and 1.03V for 2M HBr/2M Br2) and 0.6V. 
4. The charge performance was acquired by applying potentials in steps of 50 mV 
between OCV (1V for 2M HBr/1M Br2 and 1.03V for 2M HBr/2M Br2) and 1.25V. 
5. At each voltage step, current was measured for atleast 5 minutes or until it reaches 
steady state. 
6. The polarization curve was measured until reproducible performance was obtained. 
7. Finally, the internal resistance of the fuel cell was measured using EIS. 
8. A continuous H2 flow was maintained throughout the entire experiment to minimize 
the crossover of unwanted species (Br2, Br
-, and Br3
- to the H2 side). 
2.2.4. Experimental Setup (Concentrations, Flow rates, and Catalyst Loadings) 
A plain SGL carbon (10AA) gas diffusion electrode (GDE) was used as the Br2 electrode and 
a bi-layer carbon gas diffusion medium (SGL 35BC) coated with Pt/C or RhxSy (BASF)/C was 
used as the hydrogen electrode. The Pt electrode was obtained from TVN systems, Inc., and 
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the RhxSy electrode was prepared by painting a solution of RhxSy/C and Nafion on the 
microporous layer (MPL) of the bi-layer carbon gas diffusion medium with a brush. The 
catalyst (Pt or RhxSy) loading in the hydrogen electrode was approximately 0.5 mg/cm
2.  
The membrane electrode assemblies (MEAs) were made with commercially available 
Nafion (212 and 115) and electrospun composite membranes. A 2M HBr/2M Br2 electrolyte 
mixture was fed to the Br2 electrode in the H2-Br2 fuel cell experiments that examine the effect 
of pre-treated Br2 electrodes, fuel cell operating temperature, Br2 electrode thickness, and 
electrospun composite membranes. A 2M HBr/1M Br2 electrolyte mixture was fed to the Br2 
electrode for the catalyst stability studies. H2 gas at 122 kPa was recirculated through the H2 
electrode. A peristaltic pump by Stenner (Model EW-74206) was used to pump the HBr and 
Br2 solution. A diaphragm pump (Model BL 30 purchased from KNF Neuberger), Inc.) was 
used to pump the H2 into the fuel cell. The H2 and HBr/Br2 pump flow rates were 1380 cm
3/min 
(97.2 A/cm2 equivalent current density) and 1.5 cm3/min (4.3 A/cm2 equivalent current density 
for 2M Br2 and 2.15 A/cm
2 limiting current density for 1M Br2 during discharge) respectively. 
Interdigitated flow fields were used for all the experimental studies. Also, liquid water at a 
flow rate of 0.05 cm3/min was injected using a mini-pump (Fischer Scientific Model 3385) 
into the H2 electrode to humidify the H2 gas which facilitated hydration of the ionomer phase 
in the hydrogen electrode.21 All the experiments were conducted at room temperature (~22◦C) 
unless otherwise specified. At the end of each experiment, the internal ohmic resistance of the 
fuel cell was acquired using Electrochemical Impedance Spectroscopy (Gamry EIS 300, 
Amplitude: 5mV and Frequency range: 0.1Hz to 100 kHz). 
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2.2.5. Preliminary H2-Br2 Fuel Cell Studies 
The preliminary H2-Br2 fuel cell studies involve four different sections. For all the preliminary 
studies, a bi-layer porous carbon electrode (SGL 35BC) with Pt catalyst was used as the H2 
electrode.  
1. First, the H2-Br2 fuel cell performance of plain carbon and Pt as bromine electrodes 
was measured. 
2. Second, the effect of pre-treated Br2 electrodes (SGL 10AA carbon electrodes soaked 
in 2M HBr and boiled in DI water) on the H2-Br2 fuel cell performance was examined.  
3. Third, the effect of temperature (25◦C and 45◦C) on the fuel cell performance was 
investigated.  
4. Finally, the effect of Br2 electrode thickness (390 μm and 780 μm) on the fuel cell 
performance was studied.  
2.2.6. Evaluation of Electrospun Composite Membrane and RhxSy Catalyst in a H2-Br2 
Fuel Cell  
The dual fiber electrospun composite membranes used in this study are composed of 55 vol. 
% Nafion perfluorosulfonic (PFSA) acid ionomer and 45 vol. % inert (uncharged) 
polyphenylsulfone (PPSU) polymer. The electrospun membrane used in this study was made 
by allowing the inert polymer (PPSU) to soften, flow, and fill the void space between PFSA 
nanofibers.22,23 The inert polymer (PPSU) was used to control the swelling of the ionic Nafion 
phase, which in turn helped in reducing the crossover of unwanted species across the 
membrane. The steady state permeability of bromine species (Br2 and Br3
-) in the electrospun 
composite membranes used in this study is an order of magnitude lower than that of the 
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commercially available Nafion membranes.22 Finally, the performance of dual fiber 
electrospun composite membranes was evaluated in an actual fuel cell fixture at 25◦C and 45◦C.  
The stability of Pt and RhxSy electrocatalysts was determined through accelerated testing. 
Initially, two fuel cell stacks with Pt and RhxSy as H2 electrode catalysts were assembled and 
the stability study was conducted over a week’s period of time. On day 1, the fuel cell 
polarization (discharge and charge) curves were obtained for both the stacks and, subsequently, 
the H2 flow was secured (no flow) to the hydrogen electrode with HBr/Br2 electrolyte stored 
in the Br2 electrode. The hydrogen side was not pressurized (ambient conditions) thus allowing 
the HBr/Br2 electrolyte to slowly diffuse through the membrane to the H2 electrode and interact 
with the catalyst layer. The fuel cell performance was acquired on odd numbered days (1, 3, 5, 
and 7) with the polarization curves obtained on day 1 being the initial performance. Between 
the consecutive runs, the stacks were stored with HBr/Br2 electrolyte present in the Br2 
electrode and H2 electrode at ambient conditions. This test is considered to be a highly severe 
accelerated test because the catalyst on the hydrogen side was neither protected by hydrogen 
or by cathodic protection. Note that while bromine is much more corrosive to a metal than 
bromide, in the presence of hydrogen it is quickly converted to bromide. Furthermore, it has 
been reported that bromide adsorption is voltage dependent. At voltages more negative than 
+60 mV of the hydrogen standard equilibrium potential, hydrogen is more preferentially 
adsorbed than bromide.28 So, platinum can be protected by maintaining high hydrogen 
adsorption level, by using pressurized hydrogen on platinum at open circuit voltage condition 
or by applying a sufficiently negative overpotential to the platinum electrode (i.e., cathodic 
protection). 
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The next study was aimed at examining the feasibility of Pt as a H2 electrocatalyst under 
the following fuel cell testing conditions. In the first case, the initial performance of the H2-
Br2 fuel cell was measured and the system was allowed to sit at rest condition for 8 hours with 
the H2 flow terminated (similar to the testing condition described above). After 8 hours, the 
performance of the fuel cell was measured again to check whether there is any impact of 
crossover on the performance. The second case study was performed under similar conditions 
as described above, but with a minor change. During this experiment, the H2 pump was allowed 
to run with the H2 gas recirculating at 122 kPa for the next 8 hours after measuring the initial 
performance. The HBr/Br2 pump was stopped during the rest condition for both fuel cell stacks.  
The final test looked at the effect of HBr/Br2 crossover in real time, while the fuel cell is 
operating in the discharge regime. In this experiment, the fuel cell was operated at a constant 
discharge potential (in this case at 0.8V). After reaching a steady state current at the chosen 
discharge potential, a small volume of 2M HBr solution was injected into the hydrogen 
electrode. As soon as a small drop of 2M HBr entered the electrode, the H2 pump was secured 
with the H2 side still pressurized at 122 kPa. The fuel cell was maintained at OCV for 
approximately 8 minutes to allow the HBr to interact with the H2 electrode. After 8 minutes, 
the discharge current of the fuel cell was measured at 0.8 V for another 10 to 12 minutes to 
observe whether there was any impact on performance due to Br- in the H2 electrode. Next, a 
mixture of 2M HBr/1M Br2 was injected into the hydrogen electrode and the same procedure 
explained above for the HBr injection was implemented to examine the effect of Br- and Br2 
crossover on the fuel cell performance. The HBr/Br2 pump was operated continuously during 
the entire experiment. 
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2.3. Results and Discussion 
2.3.1. Platinum and Carbon as Electrocatalysts for Bromine Reactions 
The Br2/Br
- reaction kinetics on plain carbon substrates is fast enough to eliminate the need for 
a catalyst in the Br2 electrode.
24 Moreover, the Br2 and Br
- species will eventually poison and 
corrode most of the precious metal catalysts used in the Br2 electrode. Figure 2.4 compares the 
performance of a H2-Br2 fuel cell with plain carbon (a single layer of SGL 10AA) and Pt 
catalyst coated Toray 090 as Br2 electrodes (a previous study conducted by Kreutzer et al.).
20 
The MEAs were prepared with Nafion 212 as the membrane and a Pt catalyst coated SGL 
35BC as the H2 electrode.  
As shown in Figure 2.4, the performance of the H2-Br2 fuel cell with a carbon electrode 
in both kinetic and mass transport controlled regions is comparable to that of a Pt electrode. 
During discharge, especially at higher current densities, the membrane becomes dehydrated 
due to the transport of liquid water from the H2 electrode to the Br2 electrode by electroosmosis 
resulting in mass transport limited performance (as seen in Figure 2.4 for the fuel cell with Pt 
on Toray 090 as the Br2 electrode). However, the fuel cell with carbon as a Br2 electrode did 
not exhibit mass transport limited performance due to the fact that liquid water injection 
approach studied by Wood et al. was employed to keep the membrane hydrated during the 
entire study.21 This is the reason for the superior performance exhibited by the fuel cell with 
the carbon electrode over the Pt electrode in the mass transport controlled region. Plain SGL 
10AA GDLs were used as the Br2 electrodes for rest of the fuel cell experimental studies 
discussed in this study. 
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Figure 2.4. Performance of H2-Br2 fuel cell with plain SGL 10AA carbon and Pt catalyst 
coated Toray 090 as Br2 electrodes at room temperature (~22
◦C) 
 
2.3.2. Effect of Pre-treated Br2 Electrodes on Fuel Cell Performance 
The aim of the electrode pre-treatment is to increase the hydrophilicity and active surface area 
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performance, three different experiments were conducted. Initially, fuel cell performance was 
obtained using 2 layers of dry SGL 10AA carbon electrodes. The SGL 10AA carbon electrodes 
were boiled in DI water and soaked in 2M HBr for subsequent experiments. Nafion 212 
membranes were used in the MEAs developed for this study. The HBr/Br2 electrolyte and 
humidified H2 gas were recirculated through the Br2 and H2 electrodes respectively for 30 
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aqueous HBr electrolyte next to the membrane helps to quickly hydrate the cell and obtain 
stable performance. 
Figure 2.5 compares the performance of a H2-Br2 fuel cell acquired with pre-treated and 
untreated carbon electrodes. As shown in Figure 2.5, the fuel cell discharge performance 
obtained with untreated (dry) carbon electrodes in the second run is higher compared to that in 
the first run (maximum discharge power density of 0.58 W/cm2 obtained in second run 
compared to 0.49 W/cm2 obtained in first run). The discharge performance in the first run is 
low over the whole discharge regime. During the first run, the electrodes were dry and hence 
hydrophobic to a certain extent. As a result, the reactants may not be able to access the entire 
active area of the carbon electrodes. As the first run progressed, the active area and wetting 
property of the carbon electrodes increased with their continuous exposure to HBr/Br2 
electrolyte solution. The first run acts like a pre-treatment step for the carbon electrodes. 
Also note that when an interdigitated flow field is used, the electrolyte is forced to flow 
through the porous electrode. This configuration forces the electrolyte to penetrate into the 
carbon material and assist in wetting the carbon surface. For flow-by electrodes using parallel-
straight channels where the electrolyte is not forced to flow through the electrodes, it may take 
much longer time for the carbon surface to become wetted. Furthermore, we believe that the 
passage of current may lead to surface chemical modifications and increased wetting in two 
ways. First, the electrolyte may be forced into the bromine electrode region that was not 
previously wetted during charge and discharge. Second, the bromine/bromide reaction may 
alter the carbon material surface to make it more wetted.  Hence, the discharge performance of 
the H2-Br2 fuel cell with dry SGL 10AA carbon electrodes shows improvement in the second 
run. The fuel cell discharge performance curves obtained with the carbon electrodes boiled in 
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DI water and those soaked in 2M HBr in the first run are similar and match reasonably well 
with those of the untreated carbon electrodes obtained in the second run. A similar performance 
improvement was observed by Cho et al. when using porous carbon electrodes pre-treated with 
sulfuric acid instead of untreated ones.24 
 
 
Figure 2.5. Effect of Br2 electrode pre-treatment (untreated, acid treated, and DI water 
boiled) on the H2-Br2 fuel cell performance (voltage: solid markers and power density: open 
markers) at room temperature (~22◦C) 
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treating the carbon electrodes prior to use assists with the HBr/Br2 electrolyte gaining access 
to most of the active area immediately. Also, similar discharge performances obtained with 
carbon electrodes boiled in DI water and acid soaked in 2M HBr suggests that the wetting 
characteristic of an electrode plays a significant role in enhancing the area accessible to the 
aqueous reactants, and either treatment method can be used to achieve this effect. We 
recommend that regardless of the type of carbon electrode used, one should always try to pre-
treat it in order to promote wetting and allow for high fuel cell performance to be achieved 
right away. 
2.3.3. Effect of Temperature on the Fuel Cell Performance 
The performance of a H2-Br2 fuel cell can be enhanced in several ways. One such way is to 
boost the H2 and Br2 reaction kinetics as well as the transport processes inside the electrodes 
by increasing the fuel cell operating temperature. A similar study was conducted in our 
previous work but with uneven temperature control across the fuel cell fixture.20 In this study, 
the H2 gas entering the fuel cell, HBr/Br2 electrolyte, and the fuel cell were heated to the same 
temperature in order to minimize the temperature gradient across the fuel cell stack.  
Figure 2.6 shows the results of the H2-Br2 fuel cell temperature studies with Nafion 212 
and Nafion 115 membranes. The fuel cell performance is significantly improved in both the 
kinetic and mass transport controlled regions as the temperature increases from 25◦C to 45◦C. 
The internal ohmic resistance for the fuel cell with Nafion 212 membrane decreased by 28% 
as the temperature was raised from 25◦C to 45◦C (0.18 Ω-cm2 at 25◦C versus 0.13 Ω-cm2 at 
45◦C). A similar decrease in internal ohmic resistance at higher temperatures was observed for 
the fuel cell with Nafion 115 membrane (0.4 Ω-cm2 at 25◦C versus 0.3 Ω-cm2 at 45◦C) as well. 
The decrease in ohmic resistance can be attributed to improvement in the diffusivity of reactant 
47 
 
species and Nafion conductivity. In other words, molecular and ionic transport were 
significantly enhanced. The fuel cell performance at 45◦C is enhanced compared to our prior 
study (maximum power density of 0.52 W/cm2 in this study versus 0.46 W/cm2 in our previous 
study for the case where Nafion 212 membrane was used). Also, the fuel cell performance was 
enhanced by using a thinner membrane. Even though the performance of the fuel cell decreases 
with a thicker membrane, the crossover rate of Br2 and Br
- species may be lowered. The 
performance trends shown in Figure 2.6 also match reasonably well with the previous 
studies.19,24 
 
 
Figure 2.6. Effect of temperature (25◦C and 45◦C) and membrane (Nafion 212 and Nafion 
115) thickness on H2-Br2 fuel cell performance (voltage: solid markers and power density: 
open markers) 
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2.3.4. Effect of Br2 Electrode Thickness on the Fuel Cell Performance 
The H2-Br2 fuel cell performance can also be enhanced by increasing the Br2 electrode 
thickness in this case because the commercial gas diffusion media used in fuel cells have very 
low specific surface areas. Figure 2.7 compares the performance of a fuel cell with two 
different electrode thicknesses, 390 μm (one piece of SGL 10AA electrode) and 780 μm (two 
pieces of SGL 10AA carbon electrode) respectively. The bromine electrode thickness in this 
study was increased by adding an additional SGL 10AA carbon electrode. The two SGL 10AA 
carbon electrodes were stacked together to increase the electrode thickness. The rest of the fuel 
cell configuration remains unchanged. The active area of the Br2 electrode improves upon 
increasing the electrode thickness. In other words, the number of reaction sites increases, which 
is evident from the improvement in the fuel cell performance upon employing a thicker Br2 
electrode. An 18% increase in maximum power density was observed upon adding an 
additional Br2 electrode at 25
 oC. The increase in the ohmic loss by an additional bromine 
electrode was insignificant relative to the power density gain (ohmic resistance increased by 6 
mΩ upon adding an additional bromine electrode at 25oC). As shown in Figure 2.7, the 
performance of the fuel cell can be further enhanced by operating the fuel cell with a thicker 
electrode at a higher temperature (two layers of SGL 10AA carbon electrodes at 45◦C). A peak 
power density of 0.65 W/cm2 was obtained with the thicker Br2 electrode at 45
◦C.  
Based on a previous modeling study conducted on the H2-Br2 fuel cell system, increasing 
the electrode layers beyond a certain limit may result in diffusion limited performance due to 
the increase in the ionic and molecular diffusion pathways.25 An alternate approach that can 
increase the active surface area without affecting the transport related morphological properties 
like porosity and tortuosity of the electrode is to grow nanotubes directly onto the electrode 
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fiber surface to create high active surface area.26 This is a more suitable option compared to 
using a multi-layered carbon electrode approach because the electrode surface area can be 
improved without affecting the porosity/tortuosity or the electrode thickness. 
 
 
Figure 2.7. Effect of Br2 electrode thickness (single layer: 390 μm at 25
◦C and double layer: 
780 μm at 25◦C and 45◦C) on H2-Br2 fuel cell performance (voltage: solid markers and power 
density: open markers) 
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respectively. The thicknesses of the membrane samples evaluated were 25 μm (area specific 
resistance equivalent to that of Nafion 212 membrane) and 65 μm (area specific resistance 
equivalent to that of Nafion 115 membrane) respectively. Nafion 212 has more ionic clusters 
than the electrospun membrane as reported in a recent study by Dowd et al.27 The crossover 
rate of Br2 and Br
- of these electrospun composite membranes was also lower than that of the 
conventional Nafion membranes because the PFSA phase does not swell as much since it is 
restricted by the inert PPSU phase.22 
The thickness of the electrospun membranes was optimized to approximately match the 
area specific resistance of the Nafion membranes.22 The preliminary performance of these 
electrospun membranes compared with that of the commercial Nafion membranes are shown 
in Figures 2.8 and 2.9. As shown in Figures 2.8 and 2.9, the performance of both 25 μm and 
65 μm thick electrospun membranes are either comparable or slightly better compared to that 
of Nafion 212 and Nafion 115 membranes at 25◦C and 45◦C. At 45◦C, the maximum power 
densities of 25 μm and 65 μm electrospun membranes were 0.61 W/cm2 and 0.45 W/cm2 
compared to 0.52 W/cm2 and 0.41 W/cm2 obtained with Nafion 212 and Nafion 115 
membranes.  
The sharp drop in the discharge performance for the fuel cell stack with Nafion 212 
membrane (shown in Figure 2.8) at 45◦C may be attributed to the dehydration of the ionomer 
in the hydrogen catalyst layer and the hydrogen side of the MEA due to inadequate anode gas 
humidification. Note that, water is dragged from the H2 side to the Br2 side during discharge, 
and since Nafion 212 is thicker (~ 50 μm) than the composite membrane (~ 25 μm), it is more 
likely to become dehydrated at higher current densities than the composite membrane. The 
preliminary fuel cell performances obtained with electrospun membranes were on par with the 
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commercially available Nafion membranes and hence look very promising for future studies. 
Also, the lower permeability of unwanted species associated with the electrospun membranes 
is an additional benefit.22,23   
 
Figure 2.8. Performance (voltage: solid markers and power density: open markers) 
comparison between Nafion 212 and 25 micron thick dual fiber electrospun composite 
membranes at 25◦C and 45◦C 
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Figure 2.9. Performance (voltage: solid markers and power density: open markers) 
comparison between Nafion 115 and 65 micron thick dual fiber electrospun composite 
membranes at 25◦C and 45◦C  
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HBr3
- species. The Pt catalyst layer was both poisoned and corroded by the bromine and 
bromide species that crossed over from the Br2 electrode to the H2 electrode. 
 
 
Figure 2.10. A week-long stability study with Pt as a H2 electrocatalyst in a H2-Br2 fuel cell 
(cell performance measured on days 1, 3, 5, and 7)  
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compared to that in the discharge direction as seen in Figure 2.10. This is due to the fact that 
the poisoning effect is reversible since the adsorbed Br- species can be removed at hydrogen 
evolution potentials and eventually flushed out by the H2 gas flowing through the electrode.
28 
The charge performances beyond day 1 show significantly higher overpotential which may be 
attributed to the permanent loss of platinum due to the dissolution of Pt catalyst. A continual 
decrease in charge performance on day 3 and beyond was observed as the platinum catalyst in 
the hydrogen electrode was further exposed to the HBr/Br2 solution.   
 
 
Figure 2.11. A week-long stability study with RhxSy as a H2 electrocatalyst in a H2-Br2 fuel 
cell (cell performance measured on days 1, 3, 5, and 7)  
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The performance of the fuel cell stack with RhxSy shown in Figure 2.11 was almost 
unaffected by the crossover of Br2, Br
-, and Br3
- species. The slight decrease in both discharge 
and charge performance beyond day 1 could be attributed to dissolution of any free Rh metal 
present in the RhxSy catalyst upon interacting with the crossover species.
10 Figure 2.12 
compares the performance of Pt and RhxSy catalysts on days 1 and 7. As shown in Figure 2.12, 
the charge performance of RhxSy on day 1 was comparable to that of Pt whereas the discharge 
performance of RhxSy was quite low. However, the discharge performance of the fuel cell with 
RhxSy catalyst was unaffected over the week-long period of testing, which shows the superior 
stability of the RhxSy catalyst over Pt.  
 
 
Figure 2.12. Comparing the stability of Pt and RhxSy electrocatalysts on days 1 and 7 in a 
H2-Br2 fuel cell  
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2.3.7. Feasibility of Pt Catalyst in a H2-Br2 Fuel Cell 
The following sections discuss the feasibility of the Pt catalyst in a H2-Br2 fuel cell fixture. In 
the first case study, two fuel cell stacks were assembled and tested under different experimental 
conditions. Figure 2.13 shows the two performance curves acquired with the first fuel cell 
stack, where the H2 was shut off (H2 side was not pressurized) in between the runs. The time 
period between the two runs was 8 hours. The fuel cell was allowed to stay at rest condition 
for the entire 8 hours between the two runs. As expected, the fuel cell performance was affected 
due to Br2 and Br
- crossover. Since there was no recirculation of pressurized H2 on the other 
side, the Br2 and Br
- species were able to crossover with little resistance. A huge drop in 
discharge performance was observed after 8 hours. Based on the work done by Xu et al., 
bromide adsorption is voltage dependent and is believed to increase as the voltage at the H2 
electrode becomes more positive leading to higher adsorption of bromide and higher 
equilibrium potential.28 This positive shift in the hydrogen equilibrium potential causes the 
current density to decrease resulting in poor performance.29 Note that Br2 in the presence of H2 
is converted immediately to Br-. So, most of the adsorbed species will be Br-, not Br2, when 
H2 is present. Overall, the catalyst is both poisoned and corroded in the absence of H2 
recirculation.  
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Figure 2.13. Stability study of Pt as a H2 electrocatalyst in a H2-Br2 fuel cell with H2 pump 
shut off (H2 side was not pressurized between the two runs) 
 
Figure 2.14 shows the results obtained with the second stack, where the H2 gas was 
continuously circulated between the two performance runs. As shown in Figure 2.14, the 
performance was unaffected due to the resistance offered by the continuous H2 recirculation 
against the crossover of Br2 and Br
- species. It is suspected that when H2 pressure is maintained 
while the HBr/Br2 pump is stopped, the H2 gas will push the HBr/Br2 solution away from the 
membrane/bromine electrode interface thus reducing the chance for HBr/Br2 electrolyte to 
crossover to the H2 side. Furthermore, there is a concern that even with hydrogen pressure in 
the hydrogen compartment, the diffusion rate of hydrogen through the electrolyte, created in 
the hydrogen electrode by cross-over of bromine solution, to the platinum surface may not be 
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
0 0.1 0.2 0.3 0.4 0.5
V
o
lt
a
g
e,
 V
Current density, A/cm2
 First run After 8 hours
58 
 
fast enough to keep the platinum surface protected from bromine and bromide ions, especially 
during open circuit. The study by Cho et al. shows reduced platinum dissolution rate when a 
hydrogen atmosphere or hydrogen evolution potential was applied to the hydrogen electrode 
during rest or standby, not zero corrosion rate.30 In conclusion, the continuous H2 recirculation 
offers resistance towards the species crossover, which in turn prolongs the life of the fuel cell. 
However, the continuous gas recirculation in not practical and hence not a suitable permanent 
solution to avoid crossover issues. 
 
 
Figure 2.14. Stability study of Pt as a H2 electrocatalyst in a H2-Br2 fuel cell with H2 pump 
on (H2 pressure maintained between the two runs) 
 
The Br2 and Br
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will be Br-, not Br2 when H2 is present. Also, H2 is more preferentially adsorbed than Br2 and 
Br- at potentials more negative than +100 mV of the H2 electrode equilibrium potential.  In this 
potential range, flushing the electrode with H2 will help remove both Br2 and Br
- from the 
electrode.  At potentials more positive than +100 mV, Br- is more strongly adsorbed than H2 
leading to a positive shift in the hydrogen equilibrium potential and therefore lower oxidation 
current density for a given applied voltage. 
The next case study involves injecting HBr and HBr/Br2 solutions directly into the H2 
electrode to simulate the Br- and Br2 species crossover. The objective of this study, which is 
designed to bypass the long wait time associated with the slow crossover rate of the aqueous 
species from the bromine side to the hydrogen side, was to observe the immediate effect of Br2 
and Br- species crossover on the fuel cell discharge performance. The testing protocol was 
explained in detail in the experimental section. Figure 2.15 shows the results obtained in this 
study. Initially, HBr alone was injected to observe the impact of Br- ion crossover. A 2M HBr 
solution was injected twice and for each injection, the fuel cell was allowed to stay at OCV 
(for approximately 8 minutes) for the Br- ions to interact with the Pt catalyst layer. As shown 
in Figure 2.15, the performance was unaffected after the two injections (A & B). Since the 
microporous layer of the H2 electrode is extremely hydrophobic, it is highly improbable for 
the Br- ions to reach the Pt catalyst layer. Hence, the performance of the fuel cell was not 
affected. However, the performance of the fuel cell was affected once a mixture of HBr and 
Br2 is injected (see Figure 2.15 points C & D). The performance deteriorated with each 
injection. Even though liquid could not penetrate into the highly hydrophobic microporous 
layer, the Br2 species in vapor state could still diffuse through the microporous layer to contact 
the Pt catalyst layer and, subsequently, poison and corrode the platinum catalyst. This case 
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study suggests two major conclusions. First, there is an instantaneous effect once the Br2 
species interacts with the Pt catalyst. Second, the effect of Br2 vapor on the Pt catalyst is as 
severe as liquid bromine or bromide ions. The occurrence of events such as emergency 
shutdowns or having to idle the system prior to complete degradation of the H2-Br2 fuel cell 
still needs to be studied.  
 
 
Figure 2.15. Effect of HBr (locations A and B) and HBr/Br2 (locations C and D) injections 
on the discharge performance of a H2-Br2 fuel cell held at a constant voltage, 0.8V 
 
2.4. Conclusions 
The attractive features as well as some of the material related issues corresponding to the H2-
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0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
C
u
rr
en
t 
d
en
si
ty
, 
A
/c
m
2
Time (seconds)
A: 1st 2M HBr injection
B: 2nd 2M HBr injection
C: 1st 2M HBr/1M Br2 injection
D: 2nd 2M HBr/1M Br2 injection
Applied Voltage: 0.8V (Discharge)
A B C
D
61 
 
immense energy storage potential of the H2-Br2 fuel cell, which is a result of the highly 
reversible electrochemical reactions associated with the reactants used in this system. The 
novel dual fiber electrospun composite membranes (PFSA/PPSU) have been tested in an actual 
H2-Br2 fuel cell. The preliminary performance of these electrospun membranes look quite 
promising indicating that they might be an alternative to Nafion membranes.  
The Pt catalyst is prone to corrosion and poisoning due to the crossover of Br2 and Br
- 
species from the Br2 electrode to the H2 electrode. Both Pt and RhxSy catalysts were evaluated 
in an actual fuel cell to determine their activity and stability. The stability of RhxSy in HBr/Br2 
environment was excellent compared to that of Pt. However, the H2 oxidation activity of RhxSy 
was quite low and needs to be improved for it to be used as an electrocatalyst in the H2 
electrode. The feasibility of using a Pt catalyst under different experimental conditions was 
evaluated.  The lifetime of the fuel cell could be prolonged through continuous flow of H2 gas 
and keeping the H2 electrode pressurized. Using an alternative H2 electrocatalyst that is stable 
and active is still the best option to solve the crossover issues since there is a possibility of a 
Pt catalyst system design failing under certain situations such as loss of hydrogen environment.  
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CHAPTER 3 
A 1D Mathematical Model of a Regenerative Hydrogen-Bromine Fuel Cell 
3.1. Literature Review 
Savinell and Fritts modeled both the H2-Br2 fuel cell and H2 electrode bonded membrane 
electrode assembly (MEA) and investigated the effect of kinetic, transport and catalyst particle 
properties on the performance of the system.1,2 It was reported that, transport properties of the 
membrane play a prominent role in controlling the fuel cell performance. However, the effect 
of bromine electrode properties on the fuel cell performance was not examined in detail. Zhang 
and Weidner examined the performance of a gas-phase H2-Br2 flow battery by comparing both 
modeling and experimental results.3 Higher current densities compared to liquid electrolyte 
systems were reported on both charge and discharge, which was attributed to the high mass 
transfer rate associated with gas transport. Braff and Buie predicted the performance of a novel 
H2-Br2 laminar flow cell operating under dominant convective transport regime using a two-
dimensional mathematical model.4 This design was employed to reduce cross-over losses and 
to eliminate the need for a membrane.  
Recently, Cho et al. developed a two-dimensional model to study the impact of flow-by 
(operated under dominant diffusive transport) and flow-through (operated under dominant 
convective transport) modes on the performance of their liquid phase H2-Br2 fuel cell.
5 Of the 
two flow modes, the flow-through case, where convection is the dominant transport 
mechanism was shown as a favorable option due to higher reactant utilization. However, the 
effect of electrode properties and kinetic rate on the performance of the H2-Br2 fuel cell was 
not examined in their modeling study. Huskinson et al. developed a model to determine the 
effect of several parameters such as exchange current density, membrane thickness, diffusion 
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layer thickness, and hydrogen pressure on the H2-Br2 fuel cell performance.
6 However, the 
empirical approach used in the model limits its predictability to the conditions of the data used.  
To address these issues specified above, a liquid phase H2-Br2 fuel cell is modeled in this study 
to investigate the effect of convective and diffusive transport and kinetic rate on the fuel cell 
performance. Also, the purpose of this model was to serve as a theoretical guiding tool for the 
future experimental studies of this system. 
3.2. Model Development 
As shown in Figures 3.1a and 3.1b, the model region consists of a porous bromine electrode 
filled with HBr-Br2 solution, a proton conducting membrane electrolyte, and a porous 
hydrogen electrode. The fuel cell system was assumed to operate at steady state and under 
isothermal conditions. Also, transport is assumed to be limited to the x direction. The 
parameters δ1, δ2, and δ3 represent the thickness of Br2 electrode, membrane, and H2 electrode, 
respectively. The anodic and cathodic reactions associated with the fuel cell are shown below.  
 
         
1 
2
 Br2 + e
-     Br-  E0 = 1.09 V 
     
1
2 
 H2    H
+ + e-         E0 = 0 V 
====================================== 
                                     
1
2
 H2 + 
1
2
 Br2  
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑐ℎ𝑎𝑟𝑔𝑒
 H+ + Br-    Ecell = 1.09 V 
 
Since the bromine reactions do not need any precious metal catalysts, the Br2 electrode 
was assumed to be a plain porous carbon electrode without any catalyst layer.5 In an actual H2-
Br2 fuel cell, the H2 electrode is composed of a gas diffusion layer (GDL) on a carbon-
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supported platinum catalyst layer (CL). However, attributing to the faster gas transport rate, 
the gas diffusion layer in the H2 electrode was not included in the modeling domain. Since the 
electronic conductivity of the solid phase (carbon) is much higher than the ionic conductivity, 
by almost three orders of magnitude, the electronic potential in the electrode was assumed to 
be constant. Also, two different flow field modes, namely, flow-by (serpentine) and flow-
through (interdigitated)7 were included in the model. A Continuous Stirred Tank Mixer 
(CSTM) was used to specify the electrolyte concentrations at the electrode/flow channel 
interface in the flow-by mode as shown in Figure 3.1a.  
 In the flow-by mode (Figure 3.1a),the electrolyte is transported through the electrode 
mainly by diffusion and migration whereas the electrolyte is forced to convectively penetrate 
into the porous electrode in the case of the flow-through mode (Figure 3.1b). So, for the flow-
by mode, diffusion and migration were assumed to be the dominant transport mechanisms and 
convective transport inside the porous electrode was assumed to be negligible. For the flow-
through mode, diffusion, migration, and convection were assumed to be the major transport 
mechanisms inside the porous electrode with convection being the dominant transport 
mechanism. Porous electrode theory was applied to develop the flux expressions for each of 
the species (H+, Br-, and Br2). In these studies, the crossover of bromide and bromine species 
across the membrane and the tri-bromide complexation reaction (Br2 + Br
- ↔ Br3
-) were not 
considered. The effect of electroosmotic drag in the membrane was also neglected. 
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Figure 3.1. Modeling domain of a H2-Br2 fuel cell in (a) flow-by and (b) flow-through 
modes 
 
3.2.1. Governing Equations 
The variables involved in the model are the concentrations of Br- , Br2 and H
+ (CBr
-, CBr2, and 
CH
+) in the Br2 electrode and ionic phase potential (ϕ+) in the Br2 electrode, membrane, and 
H2 electrode. 
Inside the bromine electrode (0 < x < δ1), the steady state material balance of species j 
in the bulk electrolyte is expressed by the following equation: 
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             −∇ ∙ 𝑁𝑗 + 𝑅𝑗 = 0     (𝑗 = 𝐵𝑟
−𝑎𝑛𝑑 𝐵𝑟2)                                                                       [3.1] 
where Nj is the flux of the species j and Rj  is the generation term involving species j in the 
electrochemical reaction. Since the protons do not participate in the electrochemical reaction 
in this electrode, the material balance for the proton in the Br2 electrode is shown below: 
                               −∇ ∙ 𝑁𝑗 = 0     (𝑗 = 𝐻
+)                                                                                   [3.2] 
The flux (Nj) and reaction (Rj) terms in the material balance are represented by the following 
equations: 
           𝑁𝑗 = −𝐷𝑗
𝑒𝑓𝑓 𝑑𝐶𝑗
𝑑𝑥
−
𝑍𝑗𝐷𝑗
𝑒𝑓𝑓
𝐹𝐶𝑗
𝑅𝑇
𝑑𝜙+
𝑑𝑥
  (flow − by)                                                             [3.3] 
𝑁𝑗 = 𝑣𝑥𝐶𝑗 − 𝐷𝑗
𝑒𝑓𝑓 𝑑𝐶𝑗
𝑑𝑥
−
𝑍𝑗𝐷𝑗
𝑒𝑓𝑓
𝐹𝐶𝑗
𝑅𝑇
𝑑𝜙+
𝑑𝑥
  (flow − through)                                               [3.4] 
𝑅𝑗 =
𝑎𝐵𝑟2𝑠𝑗𝑖𝑥
𝑛𝐹
                                                                                                      [3.5] 
where ϕ+ is the ionic phase potential; Cj is the concentration of species j; vx is the velocity of 
the feed stream in the x direction; Zj is the electrical charge of species j; 𝑎𝐵𝑟2 is the specific 
active surface area per unit electrode volume; sj is the stoichiometric coefficient of species j in 
the reaction; ix is the charge transfer current density for the electrochemical reaction in the 
electrode; n is the number of electrons involved in the reaction; and F, R, and T are Faraday 
constant, gas constant, and temperature, respectively. The modeling efforts to develop a 
correlation between the feed stream velocity (vx) and the electrode thickness (x) are explained 
in detail under the Appendix section. The relation between the ordinary diffusion coefficient 
(Dj) and the effective diffusion coefficient (Dj
eff) is shown below. 
𝐷𝑗
𝑒𝑓𝑓 = 𝐷𝑗𝜀𝐵𝑟2
1.5                                                                                     [3.6] 
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The Bruggeman factor 1.5 approximates the effect of porosity (ε) and tortuosity inside 
the porous electrode. For the flow-by mode, inserting equations [3.2], [3.3] and [3.5] into 
equation [3.1] yields 
𝐷𝑗𝜀𝐵𝑟2
1.5 𝑑
2𝐶𝑗
𝑑𝑥2
+
𝑧𝑗𝐷𝑗𝜀𝐵𝑟2
1.5 𝐹
𝑅𝑇
(𝐶𝑗
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶𝑗
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) +
𝑎𝐵𝑟2𝑠𝑗𝑖𝑥
𝑛𝐹
 = 0    (𝑗 = 𝐵𝑟−𝑎𝑛𝑑 𝐵𝑟2)              [3.7]                               
For the flow-through mode, inserting equations [3.2], [3.4], and [3.5] yields 
−𝑣𝑥
𝑑𝐶𝑗
𝑑𝑥
+𝐷𝑗𝜀𝐵𝑟2
1.5 𝑑
2𝐶𝑗
𝑑𝑥2
+
𝑧𝑗𝐷𝑗𝜀𝐵𝑟2
1.5 𝐹
𝑅𝑇
(𝐶𝑗
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶𝑗
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) +
𝑎𝐵𝑟2𝑠𝑗𝑖𝑥
𝑛𝐹
 = 0 (𝑗 = 𝐵𝑟−𝑎𝑛𝑑 𝐵𝑟2)          [3.8]  
The expression derived by White et al. from the Butler-Volmer equation is used to calculate 
the charge transfer current density ix.
8 
                                                            𝑖𝑥 = 𝑖𝑜,𝑟𝑒𝑓,𝐵𝑟2𝑋𝐵𝑟2  
𝑋𝐵𝑟2 = [∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑝𝑗
𝑗 𝑒
[
𝛼𝑎𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)] − ∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑞𝑗
𝑒[−
𝛼𝑐𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)]
𝑗 ]  
where 
𝑈𝐵𝑟2𝑟𝑒𝑓 = 𝑈𝐵𝑟2
𝑜 −
𝑅𝑇
𝑛𝐹
∑ 𝑠𝑗𝑙𝑛
𝑗
𝐶𝑗,𝑟𝑒𝑓 − 𝑈𝑅𝐸
0  
                        𝑝𝑗 = 𝛾𝑗 +
𝛼𝑎𝑠𝑗
𝑛
     and    𝑞𝑗 = 𝛾𝑗 −
𝛼𝑐𝑠𝑗
𝑛
    (𝑗 = 𝐵𝑟2𝑎𝑛𝑑 𝐵𝑟
−)                    [3.9] 
where 𝑖𝑜,𝑟𝑒𝑓,𝐵𝑟2 is the exchange current density of the bromine reaction at the reference 
concentrations, Cj,ref is the reference concentration of species j, ϕs is the  potential of the solid 
electronic phase, 𝑈𝐵𝑟2𝑟𝑒𝑓 is the equilibrium potential of the bromine reaction relative to the 
reference electrode (𝑈𝑅𝐸
0 ) at the reference concentrations, 𝑈𝐵𝑟2
𝑜 is the standard electrode 
potential of the bromine reaction, 𝑈𝑅𝐸
0  is the standard hydrogen electrode (SHE) potential, 𝛾𝑗 
is the exponent in the composition dependence of the exchange current density, and αa and αc 
are the anodic and cathodic transfer coefficients of the bromine reaction respectively. Also, the 
electroneutrality condition applies to the electrolyte in the bromine electrode. 
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       ∑ 𝑍𝑗𝐶𝑗
𝑗
= 0 (𝑗 = 𝐻+𝑎𝑛𝑑 𝐵𝑟−)                                                                               [3.10] 
The bromine and bromide species were assumed to be absent in the membrane (δ1 < x < 
δ2) and the H2 electrode (δ2 < x < δ3) based on the no-crossover assumption. For modeling 
conveniences, the concentrations of Br2 and Br
- were set to zero in these components. The 
proton conductivities (𝑘𝐻+
𝑚  , 𝑘
𝐻+
𝐻2 ) and concentration (CH
+) were assumed to be constant and 
uniform across the membrane and the H2 electrode. However, 𝑘𝐻+
𝐻2  is calculated based on the 
effective ionomer volume fraction in the H2 electrode.  The material balance in the hydrogen 
electrode is expressed as: 
𝑘
𝐻+
𝐻2
𝑑2𝜙+
𝑑𝑥2
+
𝑎𝐻2𝑠𝑗𝑖𝑜.𝑟𝑒𝑓,𝐻2𝑋𝐻2
𝑛𝐹
= 0                                                                                    [3.11] 
where 𝑋𝐻2  in the hydrogen electrode is expressed using equation [3.9] where j = H
+ and H2.  
𝑖𝑜,𝑟𝑒𝑓,𝐻2  corresponds to the exchange current density of the hydrogen reaction; 𝑎𝐻2 represents 
the specific active surface area per unit electrode volume of the hydrogen electrode; and 
𝑈𝐵𝑟2.𝑟𝑒𝑓 is replaced by 𝑈𝐻2,𝑟𝑒𝑓, which is the equilibrium potential of the hydrogen reaction at 
the reference concentrations.              
𝑈𝐻2𝑟𝑒𝑓 = 𝑈𝐻2
𝑜 −
𝑅𝑇
𝑛𝐹
∑ 𝑠𝑗𝑙𝑛
𝑗
𝐶𝑗,𝑟𝑒𝑓 − 𝑈𝑅𝐸
0       (𝑗 = 𝐻2 𝑎𝑛𝑑 𝐻
+)                                [3.12] 
where 𝑈𝐻2
𝑜  is the standard hydrogen electrode potential. 
The governing equations described above apply for both flow-by and flow-through 
modes with the sole exception being the absence of the velocity term (vx = 0) while solving the 
flow-by case. The governing equations for the flow-by and flow-through modes are 
summarized in Tables 3.1 and 3.2. 
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Table 3.1. Governing equations for flow-by mode 
 
 
Variable   Br2 electrode 
𝐶𝐵𝑟−                  𝐷𝐵𝑟−𝜀
1.5 𝑑
2𝐶𝐵𝑟−
𝑑𝑥2
+
𝑧𝐵𝑟−𝐷𝐵𝑟−𝜀
1.5𝐹
𝑅𝑇
(𝐶𝐵𝑟−
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶𝐵𝑟−
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) +
𝑎𝐵𝑟2𝑠𝐵𝑟−𝑖𝑥
𝑛𝐹
 = 0 
 
𝐶𝐵𝑟2                                            𝐷𝐵𝑟2𝜀
1.5 𝑑
2𝐶𝐵𝑟2
𝑑𝑥2
+
𝑎𝐵𝑟2𝑠𝐵𝑟2𝑖𝑥
𝑛𝐹
= 0                          
 
𝐶𝐻+                           𝐷𝐻+𝜀
1.5 𝑑
2𝐶
𝐻+
𝑑𝑥2
+
𝑧
𝐻+
𝐷
𝐻+
𝜀1.5𝐹
𝑅𝑇
(𝐶𝐻+
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶
𝐻+
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) = 0 
 
𝜙+                                                       𝐶𝐻+𝑍𝐻+ + 𝑍𝐵𝑟−𝐶𝐵𝑟− = 0 
  
where 
𝑖𝑥 = 𝑖𝑜,𝑟𝑒𝑓,𝐵𝑟2 [∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑝𝑗1
𝑗 𝑒
[
𝛼𝑎1𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)] − ∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑞𝑗1
𝑒
[−
𝛼𝑐1𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)]
𝑗 ]  
The subscript 1 in the above equation represents the Br2 electrode where j = Br2 and Br-. 
Variable Membrane 
𝐶𝐵𝑟− N/A 
𝐶𝐵𝑟2 N/A 
𝐶𝐻+ 𝐶𝐻+ − 𝐶𝐻+
𝑚 = 0  
𝜙+ 𝑘𝐻+
𝑚 𝑑
2𝜙+
𝑑𝑥2
= 0  
 
Variable H2 electrode 
𝐶𝐵𝑟− N/A 
𝐶𝐵𝑟2 N/A 
𝐶𝐻+ 𝐶𝐻+ − 𝐶𝐻+
𝐻2 = 0     
𝜙+ 𝑘
𝐻+
𝐻2 𝑑
2𝜙+
𝑑𝑥2
+
𝑎𝐻2𝑠𝐻+𝑖𝑥
𝑛𝐹
= 0  
 
where 
𝑖𝑥 = 𝑖𝑜,𝑟𝑒𝑓,𝐻2 [∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑝𝑗2
𝑗 𝑒
[
𝛼𝑎2𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐻2𝑟𝑒𝑓)] − ∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑞𝑗2
𝑒
[−
𝛼𝑐2𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐻2𝑟𝑒𝑓)]
𝑗 ]  
The subscript 2 in the above equation represents the H2 electrode where j=H2 and H+. 
______________________________________________________________________________ 
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Table 3.2. Governing equations for flow-through mode 
 
 
Variable   Br2 electrode 
𝐶𝐵𝑟−         −𝑣𝑥
𝑑𝐶𝐵𝑟−
𝑑𝑥
+ 𝐷𝐵𝑟−𝜀
1.5 𝑑
2𝐶𝐵𝑟−
𝑑𝑥2
+
𝑧𝐵𝑟−𝐷𝐵𝑟−𝜀
1.5𝐹
𝑅𝑇
(𝐶𝐵𝑟−
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶𝐵𝑟−
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) +
𝑎𝐵𝑟2𝑠𝐵𝑟−𝑖𝑥
𝑛𝐹
 = 0 
 
𝐶𝐵𝑟2                                            −𝑣𝑥
𝑑𝐶𝐵𝑟2
𝑑𝑥
+ 𝐷𝐵𝑟2𝜀
1.5 𝑑
2𝐶𝐵𝑟2
𝑑𝑥2
+
𝑎𝐵𝑟2𝑠𝐵𝑟2𝑖𝑥
𝑛𝐹
= 0                          
 
𝐶𝐻+                           −𝑣𝑥
𝑑𝐶𝐻+
𝑑𝑥
+ 𝐷𝐻+𝜀
1.5 𝑑
2𝐶𝐻+
𝑑𝑥2
+
𝑧𝐻+𝐷𝐻+𝜀
1.5𝐹
𝑅𝑇
(𝐶𝐻+
𝑑2𝜙+
𝑑𝑥2
+
𝑑𝐶𝐻+
𝑑𝑥
𝑑𝜙+
𝑑𝑥
) = 0 
 
𝜙+                                                       𝐶𝐻+𝑍𝐻+ + 𝑍𝐵𝑟−𝐶𝐵𝑟− = 0 
  
where 
𝑖𝑥 = 𝑖𝑜,𝑟𝑒𝑓,𝐵𝑟2 [∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑝𝑗1
𝑗 𝑒
[
𝛼𝑎1𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)] − ∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑞𝑗1
𝑒
[−
𝛼𝑐1𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐵𝑟2𝑟𝑒𝑓)]
𝑗 ]  
The subscript 1 in the above equation represents the Br2 electrode where j = Br2 and Br-. 
Variable Membrane 
𝐶𝐵𝑟− N/A 
𝐶𝐵𝑟2 N/A 
𝐶𝐻+ 𝐶𝐻+ − 𝐶𝐻+
𝑚 = 0  
𝜙+ 𝑘𝐻+
𝑚 𝑑
2𝜙+
𝑑𝑥2
= 0  
 
Variable H2 electrode 
𝐶𝐵𝑟− N/A 
𝐶𝐵𝑟2 N/A 
𝐶𝐻+ 𝐶𝐻+ − 𝐶𝐻+
𝐻2 = 0     
𝜙+ 𝑘
𝐻+
𝐻2 𝑑
2𝜙+
𝑑𝑥2
+
𝑎𝐻2𝑠𝐻+𝑖𝑥
𝑛𝐹
= 0  
 
            where 
𝑖𝑥 = 𝑖𝑜,𝑟𝑒𝑓,𝐻2 [∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑝𝑗2
𝑗 𝑒
[
𝛼𝑎2𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐻2𝑟𝑒𝑓)] − ∏ (
𝑐𝑗
𝑐𝑗,𝑟𝑒𝑓
)
𝑞𝑗2
𝑒
[−
𝛼𝑐2𝐹
𝑅𝑇
(𝜙𝑠−𝜙+−𝑈𝐻2𝑟𝑒𝑓)]
𝑗 ]  
                   The subscript 2 in the above equation represents the H2 electrode where j=H2 and H+  
________________________________________________________________________ 
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3.2.2. Boundary Conditions 
There are four distinct boundaries associated with the modeling domain shown in Figures 3.1a 
and 3.1b. At the Br2 electrode entrance, the boundary conditions vary depending on the type 
of flow mode employed. 
3.2.2.1. Flow-By Mode 
The CSTM in the model domain represents the flow-by channels in the flow field plate. The 
model relevant to the flow-by case was an absolute1D diffusion model. The consumption of  
reactants and generation of products along the axial direction is accounted by introducing the 
CSTM-like boundary condition at the entrance of the Br2 electrode. This boundary condition 
establishes a more realistic condition since it is not possible to have an infinite reactant flow 
rate in order to maintain a constant feed concentration at the electrode entrance. Depending on 
the consumption rate of Br2 and generation rate of Br
- in the CSTM, the concentrations of Br- 
and Br2 were fixed at the Br2 electrode entrance (x = 0) by the following equation. 
𝐶𝑗 = 𝐶𝑗,𝑖𝑛 − (−𝐷𝑗
𝑒𝑓𝑓 𝑑𝐶𝑗
𝑑𝑥
−
𝑍𝑗𝐷𝑗
𝑒𝑓𝑓
𝐹𝐶𝑗
𝑅𝑇
𝑑𝜙+
𝑑𝑥
) 
𝐴
𝑄
    (𝑗 = 𝐵𝑟2 𝑎𝑛𝑑 𝐵𝑟
−)                             [3.13] 
where Cj,in is the feed concentration of the species j in the feed stream. In Figure 3.1a, the 
electrode cross-sectional surface area (A) parallel to the fluid flow and volumetric flow rate 
(Q) of the feed entering the CSTM are represented by the following expressions: 
𝐴 = 𝑊𝐻                                                                                                 [3.14] 
                                            𝑄 = 𝑊𝑆𝑣𝑎𝑣𝑔                                                                                         [3.15] 
where W is the width of the flow field plate inlet which is also the width of the electrode, S is 
the length of the flow field plate inlet, H is the height of the electrode surface parallel to the 
flow field plate inlet through which the reactant enters and the product leaves the Br2 electrode, 
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and vavg is the average velocity of the liquid electrolyte entering the flow field plate. The 
concentration of H+ was fixed by electroneutrality, and the flux of Br- generated at the electrode 
entrance was equal to the flux of protons transported across the membrane to the Br2 electrode.  
3.2.2.2. Flow-Through Mode 
In the flow-through mode, the concentrations of Br2 and Br
- at the Br2 electrode entrance 
were fixed and equal to the feed concentrations. 
                                     𝐶𝑗 = 𝐶𝑗,𝑖𝑛   (𝑗 = 𝐵𝑟2 𝑎𝑛𝑑 𝐵𝑟
−)                                                        [3.16] 
Also, half the channels in the flow field are inlets and the other half are outlets. The 
CSTM boundary condition was irrelevant in this case as the variations along the axial direction 
inside the electrode were captured directly using the momentum balance equations. The 
concentration of H+ was fixed by electroneutrality, and the ionic potential gradient was fixed 
to zero at the electrode entrance. 
The boundary conditions at the remaining interfaces apply for both flow-by and flow-
through modes. At the interface between the Br2 electrode and the membrane (x = δ1), the 
fluxes of Br2 and Br
- were equal to zero (no crossover assumption), and the flux of protons 
coming across the interface is equal to the ionic phase current density in the membrane (flux 
continuity). The flux of protons across the interface between the membrane and the hydrogen 
electrode (x = δ2) is continuous as well. In other words, the ionic phase current densities in the 
membrane and the H2 electrode are equal at the interface. Moreover, Br2 and Br
- species do 
not exist at both the membrane/H2 electrode interface and the H2 electrode end interface (x = 
δ3). The concentration of protons was fixed in the membrane phase and at both the 
membrane/H2 electrode interface and the H2 electrode end interface. Finally, the ionic potential 
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at the H2 electrode end interface was set to a reference potential (ϕ+ = 0). The boundary 
conditions for the flow-by and flow-through modes are listed in Tables 3.3 and 3.4. 
 
Table 3.3. Boundary conditions for flow-by mode 
 
 
Interface 
 
Variable 
 
x = 0 
 
x = δ1 
 
x = δ2 
 
x = δ3 
 
𝐶𝐵𝑟− 
𝐶𝐵𝑟− = 𝐶𝐵𝑟−,𝑖𝑛 −
𝑁𝐵𝑟−𝐻
𝑆𝑣𝑎𝑣𝑔
 
 
𝑁𝐵𝑟− = 0 
 
N/A 
 
N/A 
 
𝐶𝐵𝑟2 
𝐶𝐵𝑟2 = 𝐶𝐵𝑟2,𝑖𝑛 −
𝑁𝐵𝑟2𝐻
𝑆𝑣𝑎𝑣𝑔
 
 
𝑁𝐵𝑟2 = 0 
 
N/A 
 
N/A 
 
𝐶𝐻+ 
𝐶𝐻+ = −
𝑍𝐵𝑟−𝐶𝐵𝑟−
𝑍𝐻+
 𝐶𝐻+ = −
𝑍𝐵𝑟−𝐶𝐵𝑟−
𝑍𝐻+
 
𝐶𝐻+ = 𝐶𝐻+
𝑚  𝐶𝐻+ = 𝐶𝐻+
𝐻2  
 
𝜙+ 
 
𝑁𝐵𝑟− = 𝑁𝐻+ 𝑁𝐻
+ =
𝑘𝐻+
𝑚
𝐹
𝑑𝜙+
𝑚
𝑑𝑥
 
𝑑𝜙+
𝑚
𝑑𝑥
=
𝑘
𝐻+
𝐻2
𝑘𝐻+
𝑚
𝑑𝜙+
𝐻2
𝑑𝑥
 
 
𝜙+ = 0 
        where 
𝑁𝐵𝑟− = −𝐷𝐵𝑟−
𝑒𝑓𝑓 𝑑𝐶𝐵𝑟−
𝑑𝑥
−
𝑍𝐵𝑟−𝐷𝐵𝑟−
𝑒𝑓𝑓
𝐹𝐶𝐵𝑟−
𝑅𝑇
𝑑𝜙+
𝑑𝑥
  
𝑁𝐵𝑟2 = −𝐷𝐵𝑟2
𝑒𝑓𝑓 𝑑𝐶𝐵𝑟2
𝑑𝑥
  
𝑁𝐻+ = −𝐷𝐻+
𝑒𝑓𝑓 𝑑𝐶𝐻+
𝑑𝑥
−
𝑍
𝐻+
𝐷
𝐻+
𝑒𝑓𝑓
𝐹𝐶
𝐻+
𝑅𝑇
𝑑𝜙+
𝑑𝑥
   
___________________________________________________________________________ 
 
The governing equations and boundary conditions for the whole model domain was 
solved in potentiostatic mode using the BANDJ technique developed by Newman at the 
University of California at Berkeley.9 The first step to solve the model was to assign initial 
guess values to the concentrations (𝐶𝐵𝑟2  , 𝐶𝐵𝑟−  , and 𝐶𝐻+) and the ionic potential (ϕ). The model 
was then solved to obtain the concentration and ionic potential profiles at each applied potential 
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(ϕs). It took approximately 4 to 5 iterations and 4 seconds for the model to meet the 
convergence criterion specified in Table 3.5 at each potential step.  
The whole model was developed and solved in Fortran 4.0 (1994 - 1995 version) using 
a Dell Inspiron 5520 laptop (Intel (R) Core (TM) i5-3210M CPU @ 2.5Hz). Based on the 
concentration and ionic potential profiles in the Br2 electrode, the average charge transfer 
current density across the whole electrode region was calculated using Simpson's method. 
Different case studies impacting the kinetics and mass transport, especially in the Br2 electrode, 
were investigated in this work by varying the magnitude of the key operating parameters. 
 
Table 3.4. Boundary conditions for flow-through mode 
 
 
Interface 
 
Variable 
 
x = 0 
 
x = δ1 
 
x = δ2 
 
x = δ3 
 
𝐶𝐵𝑟− 
𝐶𝐵𝑟− = 𝐶𝐵𝑟−,𝑖𝑛  
𝑁𝐵𝑟− = 0 
 
N/A 
 
N/A 
 
𝐶𝐵𝑟2 
𝐶𝐵𝑟2 = 𝐶𝐵𝑟2,𝑖𝑛  
𝑁𝐵𝑟2 = 0 
 
N/A 
 
N/A 
 
𝐶𝐻+ 
𝐶𝐻+ = −
𝑍𝐵𝑟−𝐶𝐵𝑟−
𝑍𝐻+
 𝐶𝐻+ = −
𝑍𝐵𝑟−𝐶𝐵𝑟−
𝑍𝐻+
 
𝐶𝐻+ = 𝐶𝐻+
𝑚  𝐶𝐻+ = 𝐶𝐻+
𝐻2  
 
𝜙+ 
𝑑𝜙+
𝑑𝑥
= 0 𝑁𝐻+ =
𝑘𝐻+
𝑚
𝐹
𝑑𝜙+
𝑚
𝑑𝑥
 
𝑑𝜙+
𝑚
𝑑𝑥
=
𝑘
𝐻+
𝐻2
𝑘𝐻+
𝑚
𝑑𝜙+
𝐻2
𝑑𝑥
 
 
𝜙+ = 0 
     where 
𝑁𝐵𝑟− = −𝐷𝐵𝑟−
𝑒𝑓𝑓 𝑑𝐶𝐵𝑟−
𝑑𝑥
−
𝑍𝐵𝑟−𝐷𝐵𝑟−
𝑒𝑓𝑓
𝐹𝐶𝐵𝑟−
𝑅𝑇
𝑑𝜙+
𝑑𝑥
+ 𝑣𝑥𝐶𝐵𝑟−  
𝑁𝐵𝑟2 = −𝐷𝐵𝑟2
𝑒𝑓𝑓 𝑑𝐶𝐵𝑟2
𝑑𝑥
+ 𝑣𝑥𝐶𝐵𝑟2  
𝑁𝐻+ = −𝐷𝐻+
𝑒𝑓𝑓 𝑑𝐶𝐻+
𝑑𝑥
−
𝑍𝐻+𝐷𝐻+
𝑒𝑓𝑓
𝐹𝐶𝐻+
𝑅𝑇
𝑑𝜙+
𝑑𝑥
+ 𝑣𝑥𝐶𝐻+   
_______________________________________________________________________________ 
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3.3. Results and Discussion 
The parameters of focus in this study are 𝑎𝐵𝑟2(specific active surface area of the Br2 electrode), 
vavg (average feed velocity), and 𝑘𝐻+
𝑚  (membrane conductivity). First, the fuel cell discharge 
and charge performance obtained from experimental results and model data were compared to 
validate the model. Second, the concentration of Br2 was varied, and its impact on the fuel cell 
discharge and charge performance was examined. Third, the impact of flow-by and flow-
through modes on the fuel cell performance was studied. Fourth, a case study was conducted 
to study the effect of the Br2 electrode thickness on the H2-Br2 fuel cell discharge performance. 
Fifth, the feed average velocity (vavg) was varied to analyze the effect of the CSTM-like 
boundary condition (flow-by mode) at the Br2 electrode entrance. Sixth, the effect of 
convection inside the porous electrode (flow-through mode) on the fuel cell performance was 
studied.  Seventh, the magnitude of the specific active surface area of the Br2 electrode (𝑎𝐵𝑟2) 
was varied, and its impact on the performance of the fuel cell in the activation-controlled region 
was studied. Finally, the magnitude of the membrane conductivity (𝑘𝐻+
𝑚 )  was varied and its 
effect on the fuel cell performance was examined. 
3.3.1. Experimental Validation 
A H2/Br2 fuel cell stack was assembled by placing the membrane electrode assembly (MEA) 
and graphite and tantalum flow field plates between aluminum compression end plates. 
Interdigitated flow field plates with a flow area of 2.25 cm2 (1.5 cm X 1.5 cm) were used in 
this study. The MEA comprises of a plain SGL carbon (10AA) cathode (Br2 electrode) and a 
SGL carbon (35BC) anode (H2 electrode) with a catalyst loading of 0.5 mg Pt/cm
2 hot pressed 
onto a Nafion® 212 membrane. Catalyst-coated SGL carbon (35BC) materials were obtained 
from TVN Systems, Inc.  
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An electrolyte mixture of 2M HBr and 2M Br2 was fed to the cathode, and H2 gas at 3 
psig was recirculated through the anode. A sparging bottle was used to humidify the H2 gas 
before it enters the fuel cell. Also, the liquid water injection approach proposed by Wood et al. 
was employed to keep the ionomer phase in the H2 electrode well hydrated.
10 The aim of this 
liquid water injection approach was to eliminate the effect of membrane dehydration observed 
at higher current densities. A mini-pump (Fischer Scientific Model 3385) was used to inject 
the liquid water into the cell at a flow rate of 0.05 cm3/min. Any excess liquid water condensed 
in the H2 electrode is swept away by the interdigitated flow field. The electrolyte mixture 
(HBr/Br2) was pumped to the Br2 electrode at a flow rate of 1.5 cm
3/min (4.3 A/cm2 equivalent) 
using a peristaltic pump by Stenner (Model EW-74206). Hydrogen gas, on the other side, was 
recirculated at a flow rate of 1380 cm3/min (97.2 A/cm2 equivalent). The performance of the 
fuel cell was evaluated under potentiostatic mode using a potentiostat/galvanostat from Arbin 
Instruments. After the fuel cell was assembled, it was tested with H2 pumped to the anode side 
and HBr/Br2 pumped to the cathode side. Discharge performance of the fuel cell was obtained 
between OCV (1.014 V) and 0.8 V at room temperature. Electronic potential in steps of 50 mV 
was applied from 0.95 to 0.8 V. At each potential step, the cell was allowed to discharge for 5 
minutes to obtain a steady state current before moving on to the next step.  
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Figure 3.2. Comparison of experimental and model results (model validation for the flow-
through mode) 
 
Figure 3.2 compares the experimental discharge and charge performance of the 
SGL10AA (thickness=390 μm) cathode to the model results. Tables 3.5 and 3.6 show the base 
case parameters used in this model. The active surface area (𝑎𝐵𝑟2 = 3600 cm
2 cm3⁄ ) and 
membrane conductivity (𝑘𝐻+
𝑚 = 0.023 S cm⁄ ) of the Br2 electrode were adjusted in order to 
fit the model results to the experimental data for the base case. These values are listed in Table 
3.5 as well. As shown in Figure 3.2, both the experimental discharge and charge performance 
data of the H2-Br2 fuel cell are in good agreement with the base case model results. The model 
results shown in Figure 3.2 correspond to the flow-through mode (interdigitated flow field). 
For the subsequent case studies, while comparing the flow-by and flow-through model results 
at constant active surface area, the value was adjusted to 8800 cm2/cm3. The membrane 
conductivity remains unchanged. 
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Furthermore, the model results (discharge and charge performance) obtained for two 
different Br2 concentrations in a H2-Br2 fuel cell operating under flow-through mode are shown 
in Figure 3.3 in order to validate the predictive capability of this mathematical model. The 
concentration of HBr was fixed to 2M. As shown in Figure 3.3, discharge performance 
improves upon increasing the concentration of Br2 from 1M to 2M whereas the charge 
performance is decreased, mainly as a result of the vertical voltage shift in the Open Circuit 
Voltage (OCV) when the concentration of Br2 increases from 1M to 2M. The OCV increase 
upon increasing the Br2 concentration is as expected based on the Nernst equation. This model 
prediction agreed reasonably well with the experimental data published in previous studies.11,12 
3.3.2. Comparison of Flow-By and Flow-Through Modes 
In this section, the effect of flow field design on the H2-Br2 fuel cell performance was 
examined. Figure 3.4 compares the discharge and charge performances obtained with flow-by 
(serpentine) and flow-through (interdigitated) modes. The discharge and charge performance 
of a H2-Br2 fuel cell operating under flow-through mode was higher than that under flow-by 
mode. In the flow-through mode, the electrolyte was transported into the porous Br2 electrode 
by forced convection, which enhances the mass transport and thus the performance. The flow-
through model developed in the supporting material section corresponds to the interdigitated 
flow field employed in the experimental studies. Instead of using an empirical mass transfer 
coefficient, which was generally used to model the flow-through electrodes, the momentum 
balance equations were solved directly to obtain the flow dynamics in the electrode. In the 
flow-by mode, the electrolyte has to diffuse into the electrode, which limits the mass transport 
and consequently, the fuel cell performance. Even though a serpentine flow field was used in 
the experimental studies, we make an assumption that the flow condition can be represented 
83 
 
by that of a flow-by electrode. That is, we assume that there is minimal electrolyte flow through 
the electrode due to cross-flow as a result of a pressure gradient between the adjacent channels 
in the flow field. 
 
Table 3.5. Parameters used in the base case 
 
Thickness of the Br2 electrode (δ1)      310 μm 
Porosity of the Br2 electrode (εBr2)      0.85 
Hydrobromic acid bulk concentration      0.002 mol/cm3 
Hydrobromic acid reference concentration     0.002 mol/cm3 
Bromine bulk concentration       0.002 mol/cm3 
Bromine reference concentration      0.002 mol/cm3 
Width of the CSTM inlet and the Br2 electrode (W)    1 cm 
Height of electrode surface parallel to the CSTM (H)    1 cm 
Length of the CSTM inlet (S)       1 cm 
Cross sectional area of the flow field (flow-through mode)               0.3 cm2 
Volumetric flow rate of HBr/Br2 entering the flow field (Q)   0.025 cm3/sec 
Average velocity of HBr/Br2 entering the flow field (vavg)   0.083 cm/sec 
Exchange current density of Br2/Br- reaction (𝑖𝑜,𝑟𝑒𝑓,𝐵𝑟2)
𝑎     0.55 mA/cm2 
Active surface area per unit Br2 electrode volume (𝑎𝐵𝑟2)
𝑏   3.60×103 cm2/cm3 
Diffusion coefficient of Bromine (𝐷𝐵𝑟2)      1.2 × 10
-5 cm2/sec 
Diffusion coefficient of Bromine (𝐷𝐵𝑟−)      2.08 × 10
-5 cm2/sec 
Diffusion coefficient of Proton (𝐷𝐻+)      9.31 × 10
-5 cm2/sec 
Anodic and cathodic transfer coefficients of Br2/Br-                              0.5 
and H+/H2  reactions (αa, αc) 
Thickness of the membrane (δ2)       50 μm 
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Conductivity of the membrane (𝑘𝐻+
𝑚 )𝑏      0.023 S/cm 
Thickness of H2 electrode (δ3)       10 μm 
Concentration of protons inside the membrane and H2 electrode (𝐶𝐻+
𝑚 , 𝐶
𝐻+
𝐻2 ) 0.001 mol/cm3 
Conductivity of ionomer fraction present in the H2 electrode (𝑘𝐻+
𝐻2 ) c         0.005 S/cm 
Exchange current density of H+/H2reaction (𝑖𝑜,𝑟𝑒𝑓,𝐻2)
𝑑    1.0 mA/cm2 
Active surface area per unit H2 electrode volume (𝑎𝐻2)
𝑑    5.77×105 cm2/cm3 
Porosity of the H2 electrode (εH2)      0.2 
Open circuit potential of the fuel cellb      1.023 V 
Convergence criterion        1 × 10-9 
 
a Obtained from Ref. 5  
b Adjusted to fit the experimental trend 
c Calculated using the approach described in Ref. 13 
d Obtained from Ref. 11 
___________________________________________________________________________ 
 
 
 
Table 3.6. Kinetic parameters 
Species pj qj sj γj Zj 
Br2 -0.25 0.75 -0.5 0.5 0 
Br- 1.5 -0.5 1.0 1.0 -1.0 
H+ -0.5 1.5 1.0 1.0 1.0 
H2 0.75 -0.25 -0.5 0.5 0 
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Figure 3.3. Effect of Br2 concentration on the H2-Br2 fuel cell performance (flow-through 
mode) 
 
Figure 3.4. Effect of flow-field design on the H2-Br2 fuel cell performance 
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In order to better comprehend the transport phenomenon in these flow modes, the 
concentration, reaction rate, and the overpotential profiles inside the Br2 electrode are plotted 
at a single applied voltage (0.8 V) as shown in Figures 3.5a, 3.5b and 3.5c. As shown in Figure 
3.5a, the x-axis represents the electrode thickness (x), and the solid lines and dashed lines in 
the plot correspond to the concentration profiles of Br2 and Br
-, respectively. During discharge, 
Br2 (represented by solid lines) was consumed and Br
- (represented by dashed lines) was 
generated inside the bromine electrode. The concentration profiles of Br2 (solid lines) and Br
- 
(dashed lines) inside the Br2 electrode for both the flow-through and flow-by modes are shown 
in Figure 3.5a. The concentration of Br2 across the bromine electrode was almost depleted in 
the flow-by mode whereas the concentration of Br2 in the flow-through mode remains fairly 
constant and equal to feed concentration for the most part of the electrode. Figures 3.5b and 
3.5c show the reaction rate (in mol/cm3-s) and the overpotential (  𝜙𝑠 − 𝜙+ − 𝑈𝐵𝑟2𝑟𝑒𝑓 
profiles of flow-by and flow-through modes inside the Br2 electrode.  
The higher performance obtained with the flow-through mode can be explained as 
follows. The reaction rate in the electrode is a function of the reactant and product 
concentrations and the ionic potential. In the flow-through case, the peak reaction rate occurred 
around 0.025 cm can be attributed to the high reactant (Br2) concentration and minimal ionic 
resistance. The high reactant concentration was a result of dominant convective transport inside 
the Br2 electrode. The forced convection of the electrolyte into the Br2 electrode drives the 
ionic species much faster and closer to the membrane, which results in lower ionic resistance. 
Beyond 0.025 cm, the concentration of Br2 begins to decrease as the influence of diffusion and 
migration begin to come into effect as the fluid velocity decreases to zero at the membrane 
interface. This explains the decrease in reaction rates beyond 0.025 cm. On the other hand, the 
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dominant transport mechanism in the flow-by mode is diffusion, which is a slow process. Even 
though the ionic resistance is minimal close to the membrane, the high reactant (Br2) depletion 
results in low reaction rates. Hence, the reaction rate trend inside the Br2 electrode for the flow-
by mode is mainly controlled by the reactant and product concentrations. As concentration of 
the reactant depletes, the reaction rate decreases inside the Br2 electrode as shown in Figure 
3.5b. This case study demonstrates the significance of the flow-through mode by which the 
mass transport inside the Br2 electrode can be greatly enhanced. Once again, the model 
predictions depicted above match reasonably well with the published experimental results.11,12  
 
 
(a) 
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
0.0030
0.0035
0.0040
0.0045
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
C
o
n
ce
n
tr
a
ti
o
n
, 
m
o
l/
cc
x, cm
flow-through
flow-through
flow-by
flow-by
88 
 
 
 
(b) 
 
                                                                              (c) 
 
Figure 3.5. Effect flow-field design on (a) concentration profiles (b) reaction rate profiles (c) 
overpotential profiles at 0.8 V  
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3.3.3. Effect of Br2 Electrode Thickness 
3.3.3.1. Flow-By Mode (Serpentine) 
In this case study, the discharge performance of a H2-Br2 fuel cell operating under flow-by 
mode was examined by varying the Br2 electrode thickness. Figure 3.6 shows the simulation 
results obtained for different thicknesses. As shown in Figure 3.6, the discharge performance 
was not affected by increasing the cathode thickness beyond 200 μm. On the other hand, the 
performance of thinner cathodes (50 μm and 100 μm) clearly indicate that an optimal cathode 
thickness or surface area is required to overcome the kinetic limitations. In order to understand 
this phenomenon further, concentration profiles of Br- (dashed lines) and Br2 (solid lines) 
inside the bromine electrode are plotted at a single applied potential within the activation-
controlled region, 0.8 V, as shown in Figure 3.7a. Also, the reaction rate profiles  (in mol/cm3-
s) inside the Br2 electrode are plotted at the same applied voltage (0.8 V) in Figure 3.7b. The 
Br2 concentration and the reaction rate profiles of thinner cathodes (50 and 100 μm) show a 
clear indication that the electrode was being under-utilized. Even though the local reaction 
rates are high at low electrode thicknesses (i.e., electrode volumes), the low discharge 
performance observed in Figure 3.7b can be attributed to lack of enough active surface area 
(𝑎𝐵𝑟2). This explains the kinetically-limited performance at the lower Br2 electrode thicknesses 
of 50 and 100 μm. Once the cathode thickness is increased to 200 microns, the electrode was 
almost completely utilized and hence further increase in the electrode thickness does not have 
any significant impact on the discharge performance. 
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Figure 3.6. Effect of Br2 electrode thickness on the performance of a H2-Br2 fuel cell (flow-
by mode 
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(b) 
Figure 3.7. Effect of Br2 electrode thickness on the (a) concentration profiles (b) reaction 
rate profiles of Br2 and Br
- at 0.8 V (flow-by mode) 
 
3.3.3.2. Flow-Through Mode (Interdigitated) 
A similar analysis which is described in the flow-by mode case study was conducted with the 
flow-through mode as well. Figure 3.8a shows the discharge performance obtained for 
different cathode thicknesses. Figure 3.8b shows the reaction rate profiles at a single applied 
voltage in the discharge direction (0.8 V). As shown in Figure 3.8a, the discharge performance 
obtained with the flow-through design is better compared to that of the flow-by design. Also, 
with the convective transport being the dominant transport mechanism in this flow mode, the 
discharge performance improves as the thickness of the Br2 electrode is increased to 310 μm. 
There is no significant improvement in the performance beyond 310 μm as diffusive transport 
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thickness approaches the length of the flow field shoulder in the interdigitated flow field 
design. As shown in Figure 3.8b, the reaction rate profile of the 390 μm thick Br2 electrode 
drops sharply around 0.025cm which was an effect imposed by the slow diffusive transport. 
However, the flow-through mode offers higher flexibility in terms of the thickness of the Br2 
electrode for this system.  
These results also depend on the active surface area per unit electrode volume (𝑎𝐵𝑟2). If 
𝑎𝐵𝑟2  is low, increasing the electrode thickness enhances the fuel cell performance. However, if 
it is already high, increasing the electrode thickness may not be useful and may actually lead 
to poor performance because of the high ohmic loss in the electrolyte. Thus, designing a 
cathode with optimum thickness is required in order to take advantage of the faster bromine 
reaction kinetics. 
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(b) 
Figure 3.8. Effect of Br2 electrode thickness on the (a) performance of a H2-Br2 fuel cell (b) 
reaction rate profiles at 0.8 V (flow-through mode) 
 
3.3.4. Effect of Average Feed Velocity (Flow-By Mode) 
In this case study, the effect of the inlet average feed velocity (vavg) on the CSTM-like boundary 
condition is examined. The concentration of HBr and Br2 available at the Br2 electrode entrance 
is determined based on vavg. Table 3.7 shows the two different feed velocities used in this case 
study and stoichiometric ratios of Br2 (𝑓𝐵𝑟2) corresponding to them at 0.7 V. The stoichiometric 
ratio represents the ratio of molar feed rate of Br2 in the inlet stream to the consumption rate 
of Br2 in the electrode, which was calculated based on the average current density at a particular 
applied voltage.  
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Table 3.7. Feed velocities (flow-by case) 
 
 
Molar feed rate x 105 (mol/s) vavg (cm/s)  𝑓𝐵𝑟2  (ϕs = 0.7 V) 
1.0 
4.0 
0.005 
0.02 
 3.9:1 
14:1 
 
 
As shown in Table 3.7, a stoichiometric ratio of 2:1 or greater was chosen in order to 
make sure there is enough Br2 in the feed stream to account for the consumption rate inside the 
electrode. An applied voltage of 0.7 V is selected to calculate the stoichiometric ratio because 
the presence of excess Br2 concentration at higher current densities ensures that there is enough 
reactant concentration in the feed to meet the consumption rate throughout the entire voltage 
range (OCV to 0.7 V). Except for the average velocity, base case values shown in Tables 3.5 
and 3.6 are used for all other parameters.  
Figure 3.9 compares the concentration profiles of Br2 (solid lines) and Br
- (dashed lines) 
at different average velocities to their counterparts where infinite flow rate at the Br2 electrode 
entrance was used. These profiles are plotted at an applied voltage of 0.8 V. When the CSTM-
like boundary condition was not used in the system (vavg=∞), concentrations of Br2 and Br
- 
were constant and equal to the feed concentrations at the fuel cell inlet (Cj,in). The concentration 
of Br2 at the electrode entrance was about 80 % of the inlet feed concentration at a feed velocity 
of 0.005 cm/s . The reduction in the concentration was due to the consumption of Br2 inside 
the Br2 electrode. As the feed velocity was increased to 0.02 cm/s, the concentration at the 
electrode entrance was almost equal to the feed concentration. The concentration of Br2 
available at the electrode entrance was higher at large feed velocities. This is due to the fact 
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that increasing the average velocity of the inlet feed enables the convective transport to be 
dominant over the diffusive transport. The consumption rate of Br2 due to diffusion is better 
met by higher convective transport. At high enough feed velocities, the concentration of Br2 
available was much closer to the feed inlet concentration, which further improves the discharge 
performance of the system. Predicting an optimal flow rate is important especially in reducing 
the pumping costs and size of the electrolyte storage tanks.  
 
 
Figure 3.9. Effect of feed velocity on the concentration profiles of Br2 and Br
- (flow-by 
mode) 
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3.3.5. Effect of Convection (Flow-Through Mode) 
In this case study, the effect of convection inside the Br2 electrode on the H2-Br2 fuel cell 
discharge performance was examined. Table 3.8 shows the volumetric feed flow rates (Q) used 
in this study. Figure 3.10a shows the discharge performance of the fuel cell at three different 
feed flow rates (Q). The velocity profiles (vx) at the corresponding flow rates were calculated 
using the modeling approach described in the supporting material section. Figure 3.10b shows 
the corresponding reaction rates at an applied voltage of 0.8 V. At low feed flow rates (Q = 
0.001 cm3/s), the fuel cell discharge performance obtained can be attributed to the poor 
convective transport rate. Also, the reaction rate profile inside the Br2 electrode showed a 
decreasing trend, which suggests that the diffusive transport was dominant right from the 
outset. As the feed flow rate (Q) was increased to 0.01 cm3/s, the discharge performance was 
enhanced owing to better convective transport as the electrolyte feed stream penetrates much 
deeper into the Br2 electrode. This effect can be seen in the reaction rate profile as well. The  
effect of diffusion appeared close to the membrane (roughly 0.02cm). There was no significant 
effect on the discharge performance as the feed flow rate was increased to 0.025 cm3/s. In the 
flow-through mode, higher reaction rates can be achieved by operating at low feed flow rates 
which in turn reduces the pumping costs for this fuel cell system. 
 
Table 3.8. Feed flow rates (flow-through case) 
 
Molar feed rate x 105 (mol/s) Q (cm3/s) 𝑓𝐵𝑟2  (ϕs = 0.7 V) 
0.2 0.001 3.3:1 
2.0 0.01 18:1 
5.0 0.025 43:1 
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             (a) 
 
              (b) 
Figure 3.10. Effect of feed flow rate on the (a) performance of a H2-Br2 fuel cell (b) reaction 
rate profiles of Br2 and Br
- at 0.8 V (flow-through mode) 
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3.3.6. Effect of Active Surface Area  (𝐚𝐁𝐫𝟐)  
The effect of kinetic rate on the performance of the fuel cell was predicted by changing the 
active cathode surface area per unit electrode volume (𝑎𝐵𝑟2). Table 3.9 shows the three 
different active surface areas (𝑎𝐵𝑟2) used in this case study. This case study was done with the 
H2-Br2 fuel cell operating under both flow-by and flow-through modes. 
 
                                            Table 3.9. Active surface areas (𝑎𝐵𝑟2)        
 
Case 𝑎𝐵𝑟2(cm
2/cm3)  
1 880 
1760 
8800 
 
2 
3 
 
The active surface area of the Br2 electrode plays a significant role in optimizing the 
performance of the H2-Br2 fuel cell. Since no catalyst layer is employed on the plain carbon 
electrode, higher electrode active surface area is necessary to obtain good performance. As 
shown in Figures 3.11 (flow-by) and 3.13a (flow-through), both the discharge and charge 
performance of the fuel cell improved upon increasing the electrode specific active area (𝑎𝐵𝑟2) 
from 880 to 8800 cm
2/cm3. The specific surface area of the widely used commercial SGL 10AA 
electrode is 1600 cm2/cm3. The specific surface area used in case 3 was approximately 5 times 
higher than that of a plain SGL 10AA carbon electrode. The kinetic rate in the Br2 electrode 
can be improved by either increasing the exchange current density or the active surface area. 
Since the exchange current density of Br2/Br
- reaction on plain carbon substrates is lower than 
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that on the noble catalysts like platinum, it should be compensated by improving the active 
surface area to acquire better performance.  
3.3.6.1. Flow-By Mode 
The concentration profiles of Br2 (solid lines) and Br
- (dashed lines) at an applied potential of 
0.8 V for different values of 𝑎𝐵𝑟2  are shown in Figure 3.12a. At lower values of 𝑎𝐵𝑟2 (Case 1 
and Case 2), the electrode was being under-utilized which explains the low discharge 
performance obtained in the activation-controlled region as shown in Figure 3.11. At high 
enough values of   𝑎𝐵𝑟2  (Case 3), there was sufficient active surface area (5 times higher than 
the plain SGL 10AA carbon electrode) for Br2 to react utilize the whole electrode region which 
explains the better performance obtained for Case 3. This hypothesis was confirmed by the 
reaction rate profiles shown in Figure 3.12b as well. 
3.3.6.2. Flow-Through Mode 
As shown in Figure 3.13b, the reaction rate profile of Case 1 was a result of low kinetic rate. 
The reaction rate improves upon enhancing the active surface area as seen in Cases 2 and 3. At 
high enough active surface areas, the fuel cell operating under flow-through mode generates 
significantly higher current densities at low overpotentials. This is a desirable characteristic 
because operating the fuel cell at low overpotentials results in higher round trip voltage 
efficiency.   
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Figure 3.11. Effect of 𝑎𝐵𝑟2  on the performance of a H2-Br2 fuel cell (flow-by mode) 
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(b) 
Figure 3.12. Effect of 𝑎𝐵𝑟2on the (a) concentration profiles (b) reaction rate profiles of Br2 
and Br- (flow-by mode)  
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(b) 
Figure 3.13. Effect of 𝑎𝐵𝑟2on the (a) performance of a H2-Br2 fuel cell (b) reaction rate 
profiles of Br2 and Br
- (flow-through mode) 
 
3.3.7. Effect of Membrane Conductivity (𝐤𝐇+
𝐦 ) 
In this case study, the effect of membrane conductivity (𝑘𝐻+
𝑚 ) on the H2-Br2 fuel cell 
performance was studied. Table 3.10 shows the three different 𝑘𝐻+
𝑚 's used in this study. 
 
                                        Table 3.10. Membrane conductivities (kH+
m )  
 
      
Case 𝑘𝐻+
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As shown in Figures 3.14 (flow-by) and 3.15 (flow-through), the fuel cell performance 
was greatly improved upon increasing the membrane conductivity (𝑘𝐻+
𝑚
) from 0.008 to 0.069 
S/cm. This performance trend can be explained as follows. At lower membrane conductivities 
(Case 1 and Case 2), the conductivity of ionomer in the H2 electrode was reduced, which 
hinders the proton transport from H2 electrode to the Br2 electrode during discharge and vice 
versa during charge. This results in poor performance especially in the ohmic-controlled region 
because the migration rate of proton is not high enough, resulting in high ohmic loss (IR drop) 
in the membrane. As the membrane conductivity was enhanced (Case 3), the conductivity of 
the proton in the membrane and H2 electrode was greatly improved, resulting in lower ohmic 
loss. The fuel cell performance was greatly enhanced as shown in Figures 3.14 and 3.15. Of 
the two flow modes, the flow-through mode generated higher performance because the ionic 
resistance for proton transport was lower near the membrane, thus enhancing the migration 
rate. The low ionic resistance close to the Br2 electrode/membrane interface was a result of 
forced convection of the electrolyte feed into the Br2 electrode. One way to improve the 
migration rate of proton was to increase the concentration of ionomer present in the hydrogen 
electrode. The other option was to reduce the thickness of the membrane to compensate for the 
low proton conductivity.   
Based on the case studies done in this study, the model suggests that the favorable cell 
configuration to attain optimum performance was to operate with a thinner electrode and an 
active surface area high enough for the electrode to utilize the reactants more effectively. Also, 
higher electrolyte flow rates helped in maintaining a high reactant concentration at the Br2 
electrode entrance for a fuel cell operating under flow-by mode and better convective transport 
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for the one operating under flow-through mode. Also, higher membrane conductivities 
enhanced the fuel cell performance in the ohmic-controlled region.  
 
 
Figure 3.14. Effect of 𝑘𝐻+
𝑚 on the H2-Br2 fuel cell performance (flow-by mode) 
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Figure 3.15. Effect of 𝑘𝐻+
𝑚 on the H2-Br2 fuel cell performance (flow-through mode) 
 
Figures 3.16 (flow-by) and 3.17 (flow-through) show a case study comparing the 
performance of a H2-Br2 fuel cell with higher Br2 electrode thickness and lower active surface 
area (Case 2) to a thinner Br2 electrode with  lower and higher active surface areas (Case 1 and 
Case 3). Table 3.11 shows the corresponding active surface areas and thicknesses used in this 
study. As shown in Figures 3.16 and 3.17, having a higher active surface area and a thinner 
electrode (Case 3) decreases the ionic diffusion pathways and enhances the kinetic property 
and thus improves the performance (discharge and charge). Based on the modeling studies 
performed in this study, the last case study described above comprises the best configuration 
possible to obtain optimal performance.  
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                          Table 3.11. Electrode thicknesses and active surface areas    
 
 
Case δ1 (μm) 𝑎𝐵𝑟2 ×  10
−4 (cm2/cm3)                      
1 100 0.088 
2 310 0.088 
3 100 8.8 
 
 
 
Figure 3.16. Effect of electrode thickness and electrode active surface area on the 
performance of the fuel cell (flow-by mode) 
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Figure 3.17. Effect of electrode thickness and electrode active surface area on the 
performance of the fuel cell (flow-through mode) 
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A 1D mathematical model was developed for a H2/Br2 fuel cell to predict the performance and 
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experimentally validated and the effect of the Br2 electrode thickness on the discharge 
performance of the fuel cell was examined. Of the two flow modes investigated in this study, 
the performance of the fuel cell operating under flow-through design was better than the flow-
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area should be optimized for the electrode to be completely utilized. Also, high enough 
electrolyte flow rates are necessary to maintain high reactant concentrations at the Br2 electrode 
entrance. On the other hand, the convective transport inside the Br2 electrode of a fuel cell 
operating under flow-through mode can be enhanced by operating the cell at high feed flow 
rates. Higher membrane conductivity led to better performance especially in the ohmic-
controlled region. The model suggests that the fuel cell configuration consisting of a thinner 
Br2 electrode with high active surface area results in optimal performance of the fuel cell. A 
thinner electrode minimizes the ionic/molecular diffusion pathways resulting in better mass 
transport, and the high active surface area improves the kinetic rate. The active surface area of 
the electrode can be enhanced by either employing multiple plain carbon electrodes, i.e. 
increasing the electrode thickness, or growing carbon nanotubes on the electrode fiber surface 
to create higher surface area. However, employing multiple electrodes increases the diffusion 
pathway for the ions while also increasing the active surface area. This could lead to mass 
transport limited performance at higher current densities. On the other hand, growing 
nanotubes on the carbon substrates is a more suitable option because the electrode surface area 
can be improved without affecting the porosity and the electrode thickness. Also, the process 
for growing nanofibers onto carbon substrates has been successfully demonstrated in some of 
the recent studies.14,15 
3.5. Supporting Information 
This section explains the modeling study conducted in order to develop an empirical 
correlation between velocity of the feed stream (vx) and the Br2 electrode thickness (x) for a 
H2-Br2 fuel cell operating under flow-through mode for a 1D model. Figure 3.18 shows the 
modeling domain of this study. The modeling domain in this study consists of half of an inlet 
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channel and an outlet channel with a shoulder between them. A porous Br2 electrode was in 
continuous contact with the flow field. The feed stream flows into the porous Br2 electrode 
through the inlet channel and comes out through the outlet channel. The governing equations 
and boundary conditions are described below. 
 
Figure 3.18. Modeling domain of the flow-through mode 
 
3.5.1. Governing Equations 
The 2D equation of continuity for an incompressible fluid of constant mass density flowing 
through a porous electrode is 
                                        −
𝑑𝑣𝑥
𝑑𝑥
−
𝑑𝑣𝑦
𝑑𝑥
= 0                                                                               [3.17] 
where vx and vy are the feed stream velocities in x and y directions. The velocity of the feed 
stream into the porous electrode is expressed using Darcy's law. Neglecting the effect of 
gravity, the velocities in x and y directions are specified as follows: 
                                 𝑣𝑥 = −
𝑘
𝜇
 
𝑑𝑃
𝑑𝑥
     and         𝑣𝑦 = −
𝑘
𝜇
 
𝑑𝑃
𝑑𝑦
                                                [3.18] 
where k is the permeability of the electrode, μ is the viscosity of the fluid stream, and P is the 
total pressure. Both permeability (through-plane and in-plane) and viscosity were assumed to 
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be constant in this model. Inserting equation 3.18 into equation 3.17 yields a 2D Laplace 
equation. 
                                          
𝑑2𝑃
𝑑𝑥2
+
𝑑2𝑃
𝑑𝑦2
= 0                                                                                 [3.19] 
3.5.2. Boundary Equations 
At the flow field inlet, x = 0 and 0 ≤ y < L1, the velocity of the feed stream into the porous 
electrode was fixed as shown below. 
                                                       𝑣𝑥 = −
𝑘
𝜇
 
𝑑𝑃
𝑑𝑥
                                                                        [3.20] 
At the interface between the shoulder of the flow field and porous electrode, x = 0 and L1 ≤ y 
≤ L2, the pressure gradient in the x direction was assumed to be zero. 
                                                       
𝑑𝑃
𝑑𝑥
= 0                                                                                   [3.21] 
At the end interface, x = 0 and L2 < y ≤ L, the outlet pressure was fixed to atmospheric pressure 
( Patm ). 
                                                        𝑃 = 𝑃𝑎𝑡𝑚                                                                               [3.22] 
At the boundaries of the electrode (y = 0 and y =L) and 0 ≤ x ≤ δ1, the pressure gradient in the 
y direction was assumed to be zero. 
                                                       
𝑑𝑃
𝑑𝑦
= 0                                                                                   [3.23] 
 The governing equations and boundary conditions described above were solved in 
Fortran using the BAND J technique.9 The result includes the pressure distribution along the 
axial (y) and normal (x) directions. From the result, the feed stream velocities (vx and vy) were 
calculated along the axial (y) and normal (x) directions. In order to incorporate the 2D effect 
in the porous electrode into the 1D mathematical model developed in this paper, the feed stream 
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velocities in the flow channel along the axial direction (0 ≤ y ≤ L1) were averaged to obtain a 
single data point along the normal direction ( 0 ≤ x ≤ δ1 ). The feed stream velocities (vx) along 
the x direction were then plotted against the electrode thickness (x).  
A second order polynomial correlation was used to fit the non-linear velocity distribution in 
the x direction. The resulting correlation (vx as a function of x) was then incorporated into the 
convection term in the flux expression for the flow-through mode in the 1D model. Figure 3.19 
shows an example plot containing the velocity distribution and Table 3.12 shows the 
corresponding parameters used for the case study. As shown in Figure 3.19, the velocity 
decreases along the normal direction (x) with the maximum being at the electrode entrance (x 
= 0) where the feed stream enters from the flow channel. 
 
Table 3.12. Parameters used for calculating velocity profile (flow-through mode) 
Inlet Channel width        0.1 cm 
Shoulder width                                  0.25 cm 
Outlet Channel width        0.1 cm     
Channel height         1 cm 
Electrode height        0.031 cm 
Permeability of the electrode (k)a      2.5 × 10-6 N/atm 
Inlet feed volumetric flow rate       0.025 cm3/s 
Outlet pressure (P)        1 atm 
Viscosity of the feed stream (μ)                     1.5 × 10-2 g/cm s 
Convergence criterion        1 × 10-8 
a Obtained from Ref. 16 
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Figure 3.19. Velocity distribution for a H2-Br2 flow cell operating under flow-through mode 
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  CHAPTER 4 
A Preliminary Study on the Development of High Surface Area Carbon 
Electrodes  
4.1. Background 
The motivation behind the development of high surface area carbon electrodes was the model 
prediction shown in Figure 3.17. As shown in Figure 3.17, a thinner bromine (Br2) electrode 
with high specific active surface area was found to be the optimal choice for improving the 
fuel cell performance. In this study, an experimental approach based on the model prediction 
was developed to increase the active surface area of existing carbon GDEs. 
The specific active surface area (intrinsic property) of commercially available plain 
carbon gas diffusion electrodes (GDEs) is quite low (0.64 m2/g1 compared to 100m2/g2 of Pt/C 
electrodes or 1.6 X 103  cm2/cm3 compared to 5.6 X 105 cm2/cm3 of Pt/C electrodes ). One of 
the common approaches reported in the literature to improve the active surface area of a Br2 
electrode was to employ a stack of multiple layers of carbon GDEs.3,4 A major disadvantage 
of this approach is that the thickness (bulk property) of the Br2 electrode increases with the 
number of carbon GDE layers used, resulting in longer ionic, electronic and molecular 
diffusion pathways. This could lead to mass transport limited performance at higher current 
densities.5 Several previous studies have investigated high surface area carbon materials such 
as carbon nanotubes, graphene-based nanoplatelets, and activated carbon powders for battery 
and electrochemical capacitor applications.6-8 However, these high surface area carbon 
materials are normally blended with a polymeric binder to fabricate solid carbon electrodes for 
fuel cell and battery applications and the resulting electrodes will be quite dense and have low 
porosity. The low porosity of these electrodes limits the amount of electrolyte and active 
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materials available for reactions and also lead to high pressure drops in the flow through mode. 
The other approach to enhance the active surface area of existing carbon GDEs was to coat 
them with an ink or suspension prepared from high surface area carbon materials. The 
disadvantage of using this approach is that, the high surface area carbon materials are attached 
to the carbon electrode fiber surface by means of weak Van Der Waals forces and could be lost 
at high fluid reactant flow rates. In conclusion, durable high surface area carbon materials with 
high porosity that could withstand high liquid flow rates are required. 
Prior works have investigated different approaches to enhance the active surface area of 
an existing carbon GDE without affecting its morphological properties. Etching processes such 
as chemical and plasma (argon or oxygen ion) etching were widely used to improve the active 
surface area of existing porous carbon electrodes.9,10 The etching processes create roughness 
and introduce functional groups onto the carbon electrode fiber surface, which in turn increases 
the active surface area of the electrode. Some of the limitations associated with the etching 
techniques involve the expensive nature of plasma etching and chemical impurities that might 
be incorporated if the chemically etched carbon electrode was not cleaned properly. A recent 
study by Mayrhuber et al. used a laser perforation technique to improve the transport 
characteristics of the commercial porous carbon electrodes by creating holes in their 
microstructure despite losing some active surface area.11 However, the laser perforation 
technique is quite expensive and only improves the cell performance in the transport controlled 
regime. A few approaches reported in the literature have tried to improve the specific surface 
area of existing porous carbon electrodes by growing carbon nanotubes (CNTs) directly on the 
carbon electrode fiber surface.8,12-14 In this case, carbon nanotubes were bound to the carbon 
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electrode fiber surface by means of a covalent bond. The covalent bond between CNTs and the 
carbon electrode fiber surface is quite strong and can withstand high liquid reactant flow rates. 
4.2. Carbon Nanotube-Based Electrodes 
The CNT based electrodes are considered to be one of the prime candidates for electrochemical 
energy storage devices because of their attractive properties such as high electronic 
conductivity, large specific surface area, and excellent chemical stability.            
4.2.1. Classification of Carbon Nanotubes 
The CNTs are classified into two types; single-walled and multi-walled carbon nanotubes 
(SWCNTs and MWCNTs). A SWCNT is a layer of graphene rolled into a cylinder whereas a 
MWCNT consists of multiple layers of graphene sheets co-axially bundled into a cylinder. The 
carbon nanotubes can be either metallic or semi-conducting in nature based on their chirality. 
Due to their high electrical conductivity and mechanical strength, MWCNTs are preferable for 
fuel cell and battery applications. Also, MWCNTs have a long life time since their outer 
graphene shells protect the inner ones from degradation.  
4.2.2. Synthesis of CNT Based Electrodes 
There are several ways to synthesize CNTs either directly on substrates such as silicon, 
alumina, and quartz or on the porous carbon electrode fiber surface. Ijima et al. discovered 
carbon nanotubes in 1991 using arc-discharge technique15 and since then different techniques 
were developed to synthesize CNTs. Carbon arc-discharge, laser ablation, and chemical vapor 
deposition are the widely used techniques to synthesize SWCNTs and MWCNTs.16-18 The 
above listed techniques are described in detail in the following sections 
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4.2.2.1. Carbon Arc-Discharge Technique 
The arc-discharge technique is a physical process. Both SWCNT and MWCNT's can be 
synthesized using this technique. In the arc-discharge technique, two carbon electrodes were 
placed parallel to each other in a vacuum chamber as shown in Figure 4.1. The whole process 
is conducted in an inert gas (argon or helium) environment. The experimental procedure is 
described below. 
1. After positioning the carbon electrodes inside the vacuum chamber, the power supply 
was then switched on (usually a voltage of 18-20 V is applied). The positive electrode 
was slowly brought closer to the negative electrode until an electrical arc appears. 
2. Once the electrical arc is steady, the electrodes were separated. The gap between the 
electrodes is usually around 1-2 mm. 
3. The positive electrode was vaporized and the carbon nanotubes were deposited on to 
the negative electrode. 
4. The power supply was turned off and the CNTs were collected after the system cooled 
down to room temperature. 
The parameters to control in this process are the inert gas pressure, arc current, and 
synthesis time. The size and yield of nanotubes depend upon these parameters. The carbon arc-
discharge technique was widely used to synthesize MWCNTs. In early 1990s, the carbon arc-
discharge technique was modified to synthesize SWCNTs as well.17,19 However, the negative 
electrode needs a catalyst (Fe, Co, and Ni) to grow SWCNTs, which adds extra cost to the 
process.   
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Figure 4.1. Carbon nanotube synthesis with carbon arc-discharge technique17 [Sinha et al. 
(2005)] 
 
The limitations associated with using the carbon-arc discharge technique are  
1. It is an energy extensive process and not suitable for large scale synthesis. 
2. A large portion of the synthesized carbon nanotubes contain amorphous carbon 
impurities (or carbon soot). 
4.2.2.2. Laser Ablation Technique 
In this technique, the carbon target is placed in a tube furnace and struck with intense laser 
pulses in the flow of an inert gas (argon or helium) to synthesize CNTs. Figure 4.2 shows the 
experimental set up used to grow CNTs using laser ablation technique. The furnace 
temperature is maintained between 1000oC and 1200oC. The inert gas flowing through the tube 
furnace carries the grown carbon nanotubes to a copper collector. The CNTs are collected, 
once the reactor cools down. The parameters to control in this process are the inert gas pressure, 
laser power and wavelength, temperature and synthesis time. 
The laser ablation technique is known to yield high quality MWCNTs but it is quite 
expensive. On the other hand, a catalyst is required to grow SWCNTs. The limitations of the 
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laser ablation technique involves amorphous carbon impurities, high cost, and the damaging 
impact of laser on the carbon target. 
 
 
Figure 4.2. Carbon nanotube synthesis with laser ablation technique17 [Sinha et al. (2005)] 
 
4.2.2.3. Chemical Vapor Deposition Technique 
Chemical vapor deposition (CVD) is the most widely used technique for growing CNTs. This 
process requires less energy and hence suitable for large scale synthesis. Both SWNCT and 
MWCNTs can be synthesized using this process. However, the process is a bit complicated 
compared to arc-discharge and laser ablation techniques. Figure 4.3 shows the commonly used 
experimental setup. The procedure is described below. 
1. The first step is to deposit a catalyst (composed of nanoparticles) on to the carbon 
substrate. The purpose of the catalyst is to promote the growth of CNTs. Usually, first 
row transition metals are used as catalyst materials (Fe, Co, and Ni). 22 The most 
common techniques to deposit the catalyst are electrodeposition, physical sputtering, 
solution deposition, and e-beam evaporation. 8,12-14,22 
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2. The carbon substrates are then placed in a quartz furnace and heated up to the CNT 
synthesis temperature (usually between 600 and 850◦C) in the presence of hydrogen, 
and an inert gas (argon or helium). 
3. The role of the hydrogen gas is to prevent the interference of spontaneous carbonization 
(formation of carbon soot by pyrolysis) with the carbon nanotube formation.  
4. Once the CNT synthesis temperature is reached, a hydrocarbon gas (usually acetylene 
or methane) is supplied to the quartz tube furnace. The hydrocarbon gas is the carbon 
source in this process. 
5. The growth rate and size of the nanotubes is directly proportional to the time of the 
reaction, flow rate of acetylene, and the temperature of the furnace.  
6. Finally the furnace is allowed to cool down in the presence of the inert gas. 
 
 
Figure 4.3. Carbon nanotube synthesis with CVD technique20 [Nguyen et al. (2012)] 
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Despite the numerous advantages associated with this process, there is a major limitation. 
The metal catalyst nanoparticles are often trapped inside and below the nanotubes. The 
adhesion between the carbon nanotubes and carbon substrates might be affected as a result of 
this limitation. Hence, CNT growth mechanism is vital to ensure the contact between CNTs 
and the carbon electrode fiber surface.  
Some of the recent studies have implemented spray pyrolysis approach (also known as 
thermal CVD technique) to synthesize CNTs by using a xylene (carbon source)/ferrocene 
(catalyst source) precursor solution.23,24 However, the spray pyrolysis process is a bit involved 
since a separate chamber is required to vaporize the xylene/ferrocene precursor solution before 
introducing it into the reactor furnace. The incomplete vaporization of the precursor solution 
directly affects the catalyst deposition. 
4.3. Significance of CVD Technique  
The usage of carbon arc discharge and laser ablation techniques for growing CNTs has been 
declining over the years. The reason behind the decline of these processes are the high 
temperatures involved, evaporation of carbon targets, and especially the amount of purification 
needed to get rid of the amorphous carbon impurities. Also, the CVD process requires less 
energy compared to arc-discharge and laser ablation techniques, making it a suitable option to 
synthesize CNTs.16,17,19  
Several research investigations reported in the literature have successfully grown 
MWCNTs directly on the carbon electrode fiber surface. These MWCNT-based electrodes 
were successfully employed in polymer electrolyte membrane (PEM) fuel cells. The 
MWCNTs were grown on the surface of the GDE, and subsequently platinum (Pt) was 
electrodeposited in order to improve the catalyst utilization in the PEM fuel cell.13 The 
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electronic pathways were secured by depositing Pt nanoparticles directly on the MWCNTs, 
thus improving the catalyst utilization. Barton et al. used MWCNT modified Toray carbon 
electrodes to improve the electrochemical performance of biocatalytic electrodes.12 However, 
a solution deposition method was used to deposit catalyst nanoparticles on the carbon electrode 
fiber surface, which is quite expensive.  
4.4. Objectives 
In this chapter, experimental approaches to deposit cobalt (Co) nanocatalyst seeds and to grow 
MWCNTs on a carbon GDE substrate (SGL 10AA) are discussed along with some preliminary 
results. The preliminary results involve electrochemical active surface area (ECSA) 
measurements of MWCNT-based electrodes in a three electrode arrangement followed by the 
performance evaluation of MWCNT in comparison to plain porous carbon electrodes in a H2-
Br2 fuel cell. 
4.5. Experimental 
4.5.1. Synthesis of MWCNT-Based Carbon Electrodes 
The synthesis of MWCNT-based carbon electrodes involves two major steps. The first step 
involves creating active metal catalyst nanoparticles on the carbon electrode fiber matrix for 
the hydrocarbon source to react and form MWCNTs.  
4.5.1.1. Electrodeposition of Catalyst Nanoparticles 
As discussed earlier, electrodeposition, physical sputtering, solution deposition, and e-beam 
evaporation are the most commonly used techniques to deposit metal nanoparticles. In this 
study, the electrodeposition technique was chosen to deposit catalyst nanoparticles on the 
carbon electrode fiber surface because it is cost effective and known to yield quality deposits.27 
Since transition metals are known to be the most active catalysts for carbon nanotube synthesis, 
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cobalt (Co) was chosen as the catalyst for this study. The Co nanoparticles were deposited on 
the SGL 10AA carbon electrode fiber surface by both constant and pulse current 
electrodeposition techniques in a solution containing cobalt sulfate (CoSO4) and boric acid 
(H3BO3). The role of H3BO3 in the precursor solution was to avoid the formation of an 
insoluble hydroxide layer at the carbon electrode/electrolyte interface by maintaining the pH 
of the electrolyte solution in the acidic range (between 4.4 and 4.6).25 The electrolyte solution 
used in this study is a mixture of 0.02M CoSO4 and 0.33M H3BO3.  
 
 
Figure 4.4. Experimental fixture used in the electrodeposition experiment 
 
A three-electrode arrangement was used to implement constant and pulse current 
electrodeposition techniques. The experimental setup (shown in Figure 4.4) consisted of a SGL 
10 AA carbon working electrode (WE) and a saturated calomel reference electrode (RE). A 
coiled cobalt wire (0.5mm diameter, purchased from Alfa Aesar) was used as the counter 
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electrode (CE). The Co catalyst nanoparticles were deposited by using the procedure listed 
below. 
1. Initially, the carbon electrode (WE) was boiled in de-ionized (DI) water for 1 hour to 
make them hydrophilic. 
2. The working, counter, and reference electrodes were then placed in a beaker containing 
a solution of CoSO4 and H3BO3.  
3. Nitrogen (N2) gas was bubbled through the solution for 30 minutes to displace any 
oxygen present in the solution. After 30 minutes, the Teflon tube supplying the N2 gas 
was pulled above the surface of the solution to maintain an inert gas blanket. The gas 
blanket prevents air from entering and interacting with the electrolyte solution. 
4. A positive current (anodic) of 50 mA was applied to the WE for 60 seconds to clean 
the carbon electrode fiber surface. 
5. Next, the Co nanoparticles were deposited by applying a cathodic current to the 
working electrode. The current collection in the electrodeposition step was done using 
stainless steel alligator clips attached to one side of the electrode. The following 
reactions take place at the working and counter electrodes. 
 
Working electrode (WE): 𝐶𝑜2+ + 2𝑒− → 𝐶𝑜         𝐸𝑜 = −0.28 𝑉 
Counter electrode (CE): 𝐶𝑜 → 𝐶𝑜2+ + 2𝑒−         𝐸𝑜 =  0.28 𝑉 
 
6. Finally, the carbon electrodes were rinsed with DI water and dried at room temperature.  
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A total of 5 carbon electrode samples were synthesized using constant and pulse current 
electrodeposition. The first two samples were synthesized using constant current 
electrodeposition (sample 1: -0.1 mA/cm2 for 1000s, and sample 2: -0.1 mA/cm2 for 2000s). 
The geometric area of sample 1 and sample 2 was 9 cm2. The rest of the samples were 
synthesized using pulse current electrodeposition (sample 3: -3.75 mA/cm2 applied with a 
single pulse of 1s, sample 4: -5 mA/cm2 applied with two pulses each with a 0.1s duration, and 
sample 5: -2.5 mA/cm2 applied with a single pulse of 1s). The geometric area of sample 3, 
sample 4, and sample 5 was 4 cm2. Finally, Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray Spectroscopy (EDX) analysis was used to confirm the electrodeposition of 
Co nanoparticles on the carbon electrode fiber surface. 
4.5.1.2. CVD Process to Grow Carbon Nanotubes 
The second step for synthesizing MWCNT-based carbon electrodes involved growing 
MWCNTs in the presence of acetylene (C2H2), argon (Ar), and hydrogen (H2) gases at high 
temperatures. The carbon nanotube growth was accomplished using Chemical Vapor 
Deposition (CVD), which is a widely used process for multi-wall nanotube (MWCNT) growth. 
The experimental set up used for CVD experiments is shown in Figure 4.5. The MWCNT-
based carbon electrodes were synthesized using the procedure listed below. 
1. After electrodepositing Co, the carbon electrodes were placed in a quartz tube furnace 
(purchased from MTI corporation, model: OTF-1200X-S) and heated to 550◦C at a 
ramp rate of 3◦C/min, while flowing 20% H2 and 80% Ar gas (flow rate: 80 cc/min) 
into the quartz tube. The purpose of Ar was to prevent the carbon paper from 
combusting and simultaneously dilute the hydrogen gas. The purpose of H2 was to 
prevent carbon soot formation resulting from pyrolysis. 
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2. The carbon electrodes were allowed to stay at 550◦C for 45 minutes to reduce any cobalt 
oxide present on the surface of the Co nanoparticles. 
3. Next, the carbon electrodes were heated to 700◦C (reaction temperature) from 550◦C at 
a ramp rate of 4◦C/min. At 700◦C, C2H2 (flow rate: 10 cc/min) and Ar (flow rate: 60 
cc/min) gases were introduced to initiate MWCNT growth. 
4. The carbon electrodes were allowed to stay at 700◦C for 30 minutes to grow MWCNTs. 
5. Finally, the C2H2 and H2 sources were shut off, and the carbon electrodes were cooled 
in the presence of Ar gas.  
 
 
Figure 4.5. CVD experimental set up used to synthesize MWCNTs   
 
After the CVD process, the carbon electrodes were sonicated in de-ionized (DI) water 
for 30 minutes and subsequently, soaked in 1M nitric acid (HNO3) overnight to etch away the 
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exposed Co metal nanoparticles. The DI water sonication gets rid of any amorphous carbon 
impurities present in the carbon electrode.26 After the electrodes were sonicated and acid 
treated, SEM analysis was done to detect the MWCNTs growth. Also, Transmission Electron 
Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (TEM-EDX) were done to 
determine the growth mechanism of MWCNTs on the carbon electrode fiber surface. 
4.5.2. Surface Area Enhancement Measurements 
The MWCNT-based carbon electrodes were electrochemically analyzed using the linearized 
Butler-Volmer approach to determine the increase in their specific active areas compared to 
that of a plain carbon electrode.2 The Butler-Volmer equation, when the overpotentials are 
below   25mV, can be linearized as follows: 
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where i is the electrode current density (in A/g), a is the active surface area (in cm2/g), io is the 
exchange current density (A/cm2), F is the Faraday constant, R is the gas constant (in J/mol.K), 
T is the temperature (in K), η is the overpotential (in V), n is the number of electrons, and αa 
and αc are the anodic and cathodic transfer coefficients.   
A three-electrode arrangement shown in Figure 4.6 was used to perform the 
electrochemical analysis in a solution of 1M HBr and 0.1M Br2. As shown in Figure 4.6, there 
are two electrode compartments connected by a salt bridge. The carbon electrode (both plain 
and MWCNT-based) and a saturated calomel electrode were used as the working (WE) and 
reference electrodes (RE) respectively. A platinum foil spot welded to a tantalum wire was 
used as the counter electrode and potassium bromide gelified with agar-agar (5% agar in 1M 
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KBr) was used in the salt bridge. The procedure for measuring the active surface area 
enhancement of MWCNT-based carbon electrodes is listed below.      
1. Initially, the whole experimental setup was arranged as shown in Figure 4.6. The WE 
compartment was filled with 1M HBr solution and the CE compartment was filled with 
1M sulfuric acid (H2SO4) solution. 
2. The HBr solution was de-aired for 45 minutes and then the Teflon tube supplying the 
N2 gas was pulled above the surface of the solution.  
3. Subsequently, Br2 was injected into the HBr solution present in the WE compartment. 
Once Br2 solution was injected, it is crucial to maintain the N2 gas blanket above the 
surface of the electrolyte for the rest of the experiment. The Br2 solution has high vapor 
pressure and it will escape if N2 gas is bubbled through the electrolyte. H2 gas was 
bubbled through the H2SO4 solution in the CE compartment. 
4. Multi-step chronoamperometry was then conducted with the applied overpotentials 
ranging between -12 mV and +12 mV. The linearized Butler-Volmer equation 
approach was used to calculate the product of specific active area (a) and exchange 
current density (io) of plain SGL 10AA and MWCNT-based carbon electrodes. 
5. Finally, the solution resistance between working and reference electrode was measured 
using Electrochemical Impedance Spectroscopy (Gamry EIS 300, Amplitude: 5 mV 
and Frequency range: 0.1 Hz to 100 kHz). 
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Figure 4.6. Three-electrode arrangement used to measure the active surface area 
enhancement 
 
The factor aio for all the MWCNT-based carbon electrodes were normalized to that of a plain 
SGL 10AA carbon electrode to calculate the active surface area enhancement factors (see  
Equation 4.2). 
 
                      Active surface area enhancement factor =  
(𝒂𝒊𝒐)𝑴𝑾𝑪𝑵𝑻
(𝒂𝒊𝒐)𝑷𝑳𝑨𝑰𝑵
                           [4.2] 
 
4.5.3. Fuel Cell Measurements 
The performance of a plain SGL 10AA (3 pieces of SGL 10AA stacked together) and a 
MWCNT-based carbon electrodes (1 piece) was evaluated in a H2-Br2 fuel cell (1 cm
2 active 
electrode area). The fuel cell configuration was similar to the one shown in Chapter 2 (section 
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2.2.1). An interdigitated graphite flow field plate was used on the H2 side and traditional flow-
through (1 cm distance between the channels) tantalum plate was used on the Br2 side. The 
plain SGL 10AA carbon electrodes were boiled in DI water for 1 hour and then soaked and 
stored in 99.9% H2SO4 to improve their wetting characteristics and active area prior to the fuel 
cell study. A Pt catalyst coated SGL 25BC electrode obtained from TVN systems, Inc., was 
used as the H2 electrode. The catalyst loading on the hydrogen electrodes was between 0.4 and 
0.45 mg-Pt/cm2. The Pt coated SGL 25 BC was hot pressed onto a Nafion 212 membrane 
(135oC for 5 minutes) and later boiled in DI water for 1 hour to enhance the membrane 
conductivity.26 The MEA and the flow field plates were compressed between two aluminium 
end plates under a load of 1500 lbs. A mixture of 1M HBr and 0.9M Br2 was recirculated 
through the Br2 electrode at multiple flow rates (10 and 20 cc/min/cm
2).  Humidified H2 gas at 
a flow rate of 40 cc/min was pumped through the H2 electrode and vented out at ambient 
pressure. All the fuel cell experiments were conducted at 25oC unless otherwise specified.  
4.6 Results and Discussion 
4.6.1. Constant vs. Pulse Current Electrodeposition  
Figure 4.7 shows the schematics for constant and pulse current electrodeposition. A constant 
current for the required amount of time was applied while implementing the constant current 
electrodeposition technique whereas current was applied in short time intervals while 
implementing the pulse current electrodeposition technique. During pulse electrodeposition 
process, the pulse duration is usually fixed between 0.1 and 10 seconds with a short time gap 
(1-2 minutes) between the consecutive pulses.27 The time gap allows the solution concentration 
near the electrode/electrolyte interface to be replenished. 
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Figure 4.7. Constant and pulse current electrodeposition techniques 
 
4.6.2. Nucleation and Growth of Co Nanoparticles 
The Co electrodeposition occurs in two steps: nucleation and growth.29 The first step is 
nucleation where nuclei or seeds were formed, which initiates the growth of Co nanoparticles. 
As soon as nuclei were formed, growth occurs simultaneously. At this stage, the nucleation 
and growth processes are inseparable. The nucleation process stops once the concentration at 
the carbon electrode/electrolyte interface of the reactant species drops below the minimum 
concentration (or minimum critical supersaturation level) required for nucleation and 
subsequently growth process was initiated. The size and distribution of Co nanoparticles are 
determined by both nucleation and growth rates. A nonuniform size distribution of 
nanoparticles will be observed if nucleation and growth processes occur simultaneously (also 
known as progressive nucleation). On the other hand, uniform size distribution of Co 
nanoparticles will be seen if the growth process proceeds without the interference of nucleation 
process (also known as instantaneous nucleation).29-31 It is preferable to have instantaneous 
nucleation during the electrodeposition process. Depending on the magnitude of the cathodic 
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current applied on the working electrode (WE), the Co nanoparticle deposition might occur in 
either kinetic or transport controlled regimes.  
While depositing Co nanocatalyst under kinetically controlled regime (low cathodic 
currents), the growth rate is controlled by surface process since the concentration difference of 
reactant species in the bulk and the carbon electrode/electrolyte interface is negligible. The 
surface process occurs through two different growth mechanisms: mononuclear growth and 
poly-nuclear growth. The electrodeposition of Co proceeds layer by layer in the case of 
mononuclear growth. The second layer growth begins only after the first layer growth is 
accomplished. This allows enough time for the growth species to diffuse on the electrode 
surface. In the case of poly-nuclear growth, the second layer growth occurs before the growth 
of first layer is finished.29-31 The surface concentration should be high enough for this 
mechanism to take place.  In conclusion, the duration of electrodeposition must be carefully 
controlled to avoid a dense layer of Co when operating under kinetically controlled regime.  
The concentration of the Co ions at the carbon electrode/electrolyte interface is quickly 
depleted while electrodepositing Co under mass transport controlled regime (high cathodic 
currents). The growth process is controlled by the diffusion of Co species from the bulk to the 
carbon electrode surface. In this case, the nucleation process does not interfere with the growth 
process (instantaneous nucleation). Hence, there is a high probability of electrodepositing Co 
nanoparticles with uniform size while operating under mass transport controlled regime.29,30 
However, hydrogen evolution reaction might occur simultaneously with the Co 
electrodeposition, when high cathodic currents are applied.  
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4.6.3. Electrodeposition of Co Nanoparticles 
In this study, the electrodeposition of Co on the first two carbon electrode samples (1 and 2) 
was done using the constant current technique. As described in the experimental section, a low 
current density of -0.1 mA/cm2 was applied to both samples. The small current ensures slow 
Co electrodeposition rate and hence provides the best chance to form dense Co layer formation. 
The time spans of electrodeposition for samples 1 and 2 were 1000 s and 2000 s respectively. 
Figure 4.8 shows SEM images of samples 1 and 2.  
 
 
Figure 4.8. Samples obtained after constant current electrodeposition (a. sample 1: -0.1 
mA/cm2 for 1000s and b. sample 2: -0.1 mA/cm2 for 2000s) 
 
As shown in Figure 4.8, samples 1 and 2 obtained from constant current electrodeposition 
has a uniform layer of Co on the carbon fiber surface. The Co layer thickens as the span of 
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electrodeposition increases from 1000 to 2000 s. Also, EDX analysis confirms the growth of 
cobalt (shown in Figure 4.9). The Co peak can be clearly seen in the carbon electrode sample 
obtained after electrodeposition. The results show that the constant current method is not 
suitable for growing Co nanoparticles. So, the rest of the samples (3, 4, and 5) were synthesized 
using pulse current deposition. High cathodic current densities with short duration pulses were 
used to deposit Co nanocatalyst in this study. The high current densities applied to the carbon 
electrode forces the Co electrodeposition to occur close to the mass transport controlled 
regime. The growth process was controlled by diffusion of Co species from the bulk to the 
electrode surface. The deposition current, pulse duration, and number of pulses specified in the 
experimental section were used to control the particle size, density, and uniformity.  
 
 
Figure 4.9. EDX images of Plain SGL 10AA (left) and sample1 (-0.1 mA/cm2 for 1000s) 
 
Figure 4.10 shows the SEM images of samples 3 and 4. The Co nanoparticles with 
reasonably close packing can be clearly seen in Figure 4.10. As explained in the previous 
section, electrodeposition under diffusion controlled regime might result in the formation of 
nanoparticles. The high cathodic current density applied to the carbon electrode results in high 
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nucleation rate and the short duration pulses limit the growth of nanoparticles. Also, Co 
nanoparticles with uniform size distribution were obtained as seen in Figure 4.10. Finally, the 
large diameter nanoparticles seen in sample 4.10a was a result of longer electrodeposition 
duration (1s, diameter: 70 nm-100 nm) compared to that in sample 4.10b (0.2s, diameter: 40 
nm-60 nm). 
 
 
Figure 4.10. Pulse current electrodeposition a) sample 3: -3.75 mA/cm2 for 1s (single pulse 
of 1s duration) and b) sample 4: -5 mA/cm2 for 0.2s (two pulses each of 0.1s duration 
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4.6.4. Effect of Pre-soaking on the Electrodeposition of Co Nanoparticles 
In this case study, the effect of soaking the carbon electrodes in an electrolyte solution (mixture 
of CoSO4 and H3BO3) on the Co electrodeposition was examined. The soaking step was 
included after boiling them in DI water and before proceeding to the electrodeposition 
experiment. The concentration of the electrolyte solution that carbon electrodes were soaked 
in was same as the one used in the electrodeposition step. The purpose of the pre-soaking step 
was to enhance the electrodeposition of Co nanoparticles inside the carbon electrode by 
saturating it with the electrolyte solution (mixture of CoSO4 and H3BO3). Samples 4b and 5 
were synthesized with the addition of the pre-soaking step. The magnitude of charge applied 
to synthesize sample 4b was similar to the one applied to obtain sample 4 (-5 mA/cm2 for 0.2 
s), but with the addition of a pre-soaking step. To reduce the size of Co nanoparticles seen in 
sample 3 (Figure 4.10a), a cathodic current density of -2.5 mA/cm2 was applied for 1 s to 
synthesize sample 5. The total charge densities used to synthesize samples 4b and 4 were 1 
mC/cm2 and 2.5 mC/cm2 respectively. As shown in Figure 4.11, the density of Co nanoparticle 
distribution in sample 5 is higher compared to that of sample 4b. This can be attributed to the 
higher charge density used to synthesize sample 5. 
Figure 4.11 shows the SEM images of samples 4b and 5 at different resolutions. As 
explained earlier, samples 4 and 4b were synthesized using similar electrodeposition 
conditions (Figures 4.10b and 4.11a). The pre-soaking step assists in saturating a large section 
of the electrode surface area of sample 4b with CoSO4 and thereby improving the uniformity 
and the extent of Co electrodeposition. As a result, Co nanoparticles with smaller diameter 
were electrodeposited throughout the bulk volume of the sample 4b (Figure 4.11a). The Co 
nanoparticle distribution appears to be denser for both samples 4b and 5 (Figures 4.11a and 
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4.11b). The carbon electrodes with a dense distribution of small Co nanoparticles (Sample 5) 
were expected to be the ideal candidates for MWCNT growth. Also, the effect of the 
presoaking step will be discussed further in the electrochemical analysis section. In conclusion, 
pulse current electrodeposition appears to be an optimal choice to promote dense distribution 
of Co nanoparticles. 
 
 
Figure 4.11. Pulse current electrodeposition with the inclusion of presoaking step 
a) sample 4b (resynthesized) -5 mA/cm2 for 0.2s (two pulses each of 0.1s duration) and 
b) sample 5: -2.5 mA/cm2 for 1s (single pulse of 1s duration) 
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4.6.5. MWCNT Growth Using CVD Process  
The carbon electrodes with electrodeposited Co (samples 1 to 5) were then placed in a quartz 
tube furnace to facilitate MWCNT growth using the CVD process described in the 
experimental section. The MWCNT growth occurs (or proceeds) according to two different 
growth models. Figure 7 shows the tip and base models associated with the MWCNT growth.32 
According to the tip model, the hydrocarbon gas reacts at the Co nanoparticle and the carbon 
substrate interface and lifts the Co nanoparticle simultaneously with the growth of the 
MWCNT. In this model, the MWCNT is covalently bonded to the carbon fiber matrix. On the 
other hand, the MWCNT grows on top of the nanoparticle according to the base model. The 
major disadvantage associated with MWCNTs grown in accordance with the base model is 
that the nanotubes are lost once the electrodes are exposed to a corrosive acid environment. 
Therefore, the tip model is the preferred growth mechanism because the nanotubes are directly 
bonded to the carbon electrode fiber surface.  
 
 
Figure 4.12. Tip and base models explaining the mechanism of MWCNT growth32  
141 
 
The SEM images of MWCNT-based carbon electrodes post DI water sonication and acid 
treatment are shown in Figure 4.13. As shown in Figure 4.13, the MWCNTs still remain on all 
the carbon electrodes except for sample 2 (Figure 4.13b), which indicates that the dominant 
growth mechanism was based on the tip model. The Co layer on sample 2 (-0.1 mA/cm2 for 
2000s, as shown in Figure 4.12b) was too dense and covers most of carbon substrate surface 
rendering it inaccessible to the hydrocarbon gas.  
Figure 4.14 shows the SEM images of sample 2 before and after undergoing DI water 
sonication and acid pre-treatment. The carbon nanotubes were completely lost after the acid 
pre-treatment step. This indicates that the MWCNTs might have grown on the top of the Co 
nanoparticles in sample 2.32 As a result, the MWCNTs may have come loose once the Co 
nanoparticles underneath them have been etched away during the acid pre-treatment. The 
diameter of the MWCNTs grown on these samples was between 70 nm and 100 nm. 
The effect of pre-soaking the electrodes in a mixture of CoSO4 and H3BO3 prior to 
electrodeposition on the uniformity of MWCNT growth can be clearly seen by comparing 
Figures 4.13 and 4.15. The MWCNT growth on the carbon fibers was more uniform and denser 
in the pre-soaked electrodes (shown in Figure 4.15). The pre-soaking step saturates a larger 
portion of the carbon electrode fiber surface area, thereby improving the uniformity of Co 
electrodeposition and consequently the MWCNT growth. The diameter of the MWCNTs in 
the pre-soaked electrodes (sample 4b and sample 5) is smaller compared to the rest of the 
samples (sample 1, sample 3, and sample 4), which is consistent with the electrodeposition 
results. The diameter of the MWCNTs in the pre-soaked electrodes was between 40 nm and 
70 nm. As shown in Figure 4.13, the MWCNT growth was accomplished only on the surface 
for samples 1, 3, and 4. On the other hand, the MWCNTs were successfully grown beneath the 
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electrode surface in the case of pre-soaked electrodes. This highlights the advantage of pre-
soaking the carbon electrodes in CoSO4 and H3BO3 before electrodepositing Co nanoparticles. 
 
 
 
Figure 4.13. Carbon electrodes with MWCNT growth post DI water sonication and acid 
treatment a) sample 1, b) sample 2, c) sample 3, and d) sample 4 
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Figure 4.14. Sample 2 before (left image) and after DI water sonication and acid treatment 
(right image) 
 
 
Figure 4.15. Pre-soaked carbon electrodes (in CoSO4 and H3BO3) after MWCNT growth 
a) sample 4b and b) sample 5 
144 
 
In order to confirm the growth mechanism of MWCNTs, Transmission Electron 
Microscopy (TEM) analysis was conducted. Figure 4.16 shows the TEM and EDX images of 
MWCNTs grown on the carbon electrode samples. The carbon nanotubes were scraped using 
a X-ACTO knife and dissolved in ethanol. The ethanol solution containing the MWCNTs was 
then analyzed using TEM. The Co nanoparticles trapped inside the MWCNTs were detected 
using Scanning Transmission Electron Microscopy–Energy Dispersive X-ray Spectroscopy 
(STEM-EDX) as shown in Figure 4.16a.  
 
 
Figure 4.16. TEM images to understand the mechanism of MWCNT growth a) STEM image 
showing Co nanoparticles trapped inside the MWCNTs, b) TEM image showing a MWCNT, 
c) TEM image showing multi-walls of the CNT, and d) TEM-EDX analysis confirming the 
Co nanoparticle at the tip of the MWCNT 
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The Co nanoparticles propagate through the MWCNTs as they grow according to the tip 
model. The Co nanoparticles trapped inside the MWCNTs are shown in Figure 4.16a (see the 
red arrows).  Also, Figures 4.16b and 4.16c clearly show the multiple walls of the carbon 
nanotube. Finally, the EDX analysis confirmed that the Co nanoparticle is situated at the tip of 
the nanotube as shown in Figure 4.16d.   
Finally, SEM analysis was done on the carbon electrode regions next to the stainless steel 
alligator clips (Figure 4.17a) as well as the regions 2 cm away (Figure 4.17b) from them while 
conducting the electrodeposition process. The aim of this study was to determine the efficiency 
of the stainless steel alligator clips as current collectors. As shown in Figure 4.17, the limitation 
associated with using stainless steel alligator clips as current collectors was the non-uniform 
MWCNT growth on the carbon electrode fiber surface located far from them (seen in Figure 
4.17b). The electronic resistance of the carbon electrode prevented the charge from being 
delivered uniformly over the entire carbon electrode fiber surface. This effect would be more 
pronounced when the carbon electrodes with large geometric area were used. In the next 
chapter, current collectors that aid in uniform electrodeposition and MWCNT growth over the 
entire carbon electrode fiber surface area will be discussed. Note that all the samples analyzed 
in the previous sections were taken from the regions close to the stainless steel alligator clips. 
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Figure 4.17. SEM images showing the limitation of using alligator clips as current collectors 
a) SEM image of the carbon electrode close to the alligator clip and b) SEM image of the 
carbon electrode 2 cm from the tip of the alligator clip 
 
4.6.6. Active Surface Area Enhancement Measurements 
The enhancement factors of the MWCNT-based carbon electrodes were measured using a 
three-electrode arrangement as described in the experimental section. Figures 4.18 and 4.19 
show the multi-step chronoamperometry plot of plain SGL 10AA and MWCNT-based carbon 
electrodes. The overpotentials in Figures 4.18 and 4.19 were corrected for ohmic loss. The 
product of the active surface area (a) and exchange current density (io) was calculated from the 
slope (
𝑑𝑖
𝑑𝜂
) of the multi-step chronoamperometry plot. The factor aio for all the electrodes were 
normalized to the value of a plain SGL 10AA carbon electrode to calculate the enhancement 
factors (using equation 4.2). Even though the exchange current density of carbon GDL may be 
different from that of MWCNTs, it is the product of active area and exchange current density 
that contributes to the total active surface area enhancement.  
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Figure 4.18. Electrochemical analysis of MWCNT-based electrodes in a three electrode 
arrangement to measure the active area enhancement factors (samples 1, 3, and 4) 
 
Table 4.1. Enhancement factor measurements 
 
Specimen Active area enhancement factor 
Sample 1 22 
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Figure 4.19. Electrochemical analysis of MWCNT-based carbon electrodes (presoaked in 
CoSO4 and H3BO3 prior to electrodeposition) in a three electrode arrangement to measure 
active surface area enhancement factors (sample 4b, and sample 5) 
 
As shown in Table 4.1, enhancement factors between 7 and 50 were achieved by using 
the MWCNT-based carbon electrodes (samples 1, 3, 4, and 5). Also, the enhancement factor 
of sample 4 (-20 mA for 0.2s, 2 pulses each of 0.1s duration) was improved (enhancement 
factor increases from 11 to 17) upon presoaking it in a solution of CoSO4 and H3BO3 prior to 
electrodeposition. This may be a result of uniform Co nanoparticle deposition over a large 
carbon electrode fiber surface area in the pre-soaked sample. Also, an enhancement factor of 
50 was achieved with sample 5 (-10mA for 1s, 1pulse of 1s duration). The smaller nanoparticle 
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size with dense distribution observed in the SEM images of sample 5 may have contributed to 
this significant active area enhancement. 
4.6.7. Fuel Cell Measurements 
Finally, the performance of the MWCNT-based carbon electrode (sample 5) was measured in 
a H2-Br2 fuel cell to determine its effectiveness. As shown in Figure 4.20, the discharge 
performance of a MWCNT electrode (1 layer) was almost equal or slightly higher compared 
to that of the plain SGL 10 AA electrode (3 layers) at a lower flow rate (10 cc/min/cm2 used 
for MWCNT electrode vs 20 cc/min/cm2 used for 3 piece SGL 10AA).   
 
 
Figure 4.20. Performance comparison between 3 layers of plain SGL 10AA and sample 5 
(MWCNT electrode) in an actual H2-Br2 fuel cell 
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A single layer of MWCNT electrode was not only able to provide sufficient surface area 
for bromine reactions but also reduced the mass-transport distance since its thickness was only 
one-third compared to that of the 3 layers of plain SGL 10AA electrodes. The preliminary 
performance of the MWCNT electrode looks very promising for future studies. The bromine 
electrode cost could be reduced by employing a single MWCNT electrode instead of using 
multiple layers of plain carbon electrodes. Also, both bromine electrode and pumping costs 
may be reduced by employing a MWCNT electrode with lower electrolyte flow rate instead of 
using multiple layers of plain carbon electrodes with higher electrolyte flow rate. The 
optimization of the electrodeposition and CVD processes to enhance the performance of the 
MWCNT-based carbon electrodes will be discussed in the next chapter. 
4.7. Conclusions 
The widely used commercial plain porous carbon electrodes for Br2 reactions have low specific 
surface areas. In this section, a preliminary study regarding the growth of MWCNTs directly 
on the carbon electrode fiber surface to improve the active surface area of conventionally used 
plain SGL 10AA carbon electrodes was discussed. The Co catalyst nanoparticles were 
electrodeposited using both constant and pulse current electrodeposition techniques. 
Subsequently, the Co-catalyzed MWCNT growth was accomplished using the CVD process. 
The pre-soaking of carbon electrodes in a mixture of CoSO4 and H3BO3 prior to 
electrodeposition led to more uniform Co nanoparticle deposition and MWCNT growth over 
a larger portion of the carbon electrode fiber surface area. Active area enhancement factors 
between 7 and 50 were achieved using these MWCNT-based carbon electrodes. Finally, the 
performance of a MWCNT-based carbon electrode (active surface area enhancement factor of 
50) in a H2-Br2 fuel cell was found to be equal or slightly better compared to using 3 layers of 
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plain SGL 10AA as the Br2 electrode. In conclusion, the preliminary performance of a 
MWCNT electrode is promising and is expected to reduce the stack cost of H2-Br2 fuel cells 
and other flow batteries that utilize porous carbon media as electrodes.   
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CHAPTER 5 
 Multi-Wall Carbon Nanotube-Based Electrodes with High Active Surface 
Area and Durability 
5.1. Introduction 
The major limitation associated with the synthesis of MWCNT-based carbon electrodes 
described in the previous chapter is that the MWCNT growth is non-uniform and occurs mostly 
on the fibers near the outer surfaces of the carbon electrode. Since the majority of the active 
surface area is present inside (cross section) the porous carbon GDL, it is important to have 
MWCNT growth over the entire carbon electrode fiber surface area. As discussed in chapter 
4, the non-uniform MWCNT growth arises from the poor current collection. In this chapter, a 
new experimental approach where the current collection was done normal to the surface of the 
carbon electrodes to improve the electrodeposition of Co nanoparticles inside the carbon 
electrode is discussed. Also, a new experimental fixture that promotes MWCNT growth inside 
the carbon electrode has been added to the quartz tube reactor used in the CVD process. 
The following studies were included in this chapter. First, the durability of MWCNTs 
against high liquid flow rates was determined using shear measurements. Second, the 
optimization process implemented to synthesize highly durable MWCNT-based electrodes is 
discussed. Third, the performance of MWCNT-based electrodes in a H2-Br2 fuel cell was 
examined. Fourth, the pressure drop across both the plain and the MWCNT-based carbon 
electrode was measured. Finally, a material cost analysis was performed to highlight the cost 
benefits of using MWCNT-based carbon electrodes instead of multiple plain carbon electrodes 
in a H2-Br2 fuel cell. 
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5.2. Experimental 
5.2.1. Modified Electrodeposition Setup 
A two electrode arrangement was used to implement the pulse current electrodeposition 
technique. As discussed in the previous chapter (Section 4.5.1.1), the carbon electrodes were 
boiled in DI water and soaked in a solution of cobalt sulfate and boric acid prior to 
electrodepositing the Co nanoparticles. The whole process remains the same except for the 
working electrode configuration. The stainless steel alligator clips were replaced by expanded 
stainless steel mesh as current collectors.  
As shown in Figure 5.1, the carbon electrode was sandwiched between expanded 
stainless steel mesh (67%-75% open area) and the resulting fixture was enclosed between 
perforated plexiglass (5mm thick with multiple 2mm diameter openings) plates. Finally, 
chemically resistant Nylon sleeves (purchased from McMaster Carr) were slid across the sides 
of the fixture to provide uniform compression in the normal direction. The assembled 
experimental fixture was then placed in the electrolyte solution and pulse current 
electrodeposition was carried out to deposit Co nanoparticles. The stainless steel mesh 
provided uniform current collection as it covered the entire carbon electrode surface. The 
openings in the plexiglass plates and stainless steel mesh allowed the carbon electrode to access 
the electrolyte solution. The new electrodeposition fixture assisted in providing cobalt ions 
access, good electronic conductivity and connectivity to all carbon fibers in the electrode. The 
dimensions of the carbon electrodes, expanded stainless steel mesh, and perforated plexiglass 
plates were 5cm by 5cm. Figure 5.2 shows the working electrode fixture used in this study.  
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The Co nanoparticles were electrodeposited by applying a cathodic pulse current to the 
working electrode. The pulse current technique offered an additional advantage over the 
constant current technique since it provided better control over the particle size and distribution 
of the metal catalyst electrodeposited onto the carbon substrate.1 The effect of precursor 
solution concentration on the size and distribution of Co nanoparticles was examined by using 
two different solution mixtures (A & B). Solution A was a mixture of 0.02M CoSO4 and 0.33M 
H3BO3. Solution B was a mixture of 0.01M CoSO4 and 0.16M H3BO3.   
 
 
Figure 5.1. Working electrode fixture (A. Side view and B. 3D view) used in the 
electrodeposition experiment 
 
A cathodic pulse current of -30 mA was applied for 5 seconds (sample 1) and 15 seconds 
(sample 2), respectively, with each current pulse lasting 1 second when solution A was used. 
A cathodic pulse current of -10 mA was applied for 45 seconds (sample 3) with each current 
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pulse lasting 1 second when solution B was used. The solutions were stirred during the rest 
time in between the pulses. 
 
 
Figure 5.2. Finished working electrode fixture with stainless steel mesh and nylon sleeves 
 
5.2.2. Experimental Fixture to Promote MWCNT Growth inside the Carbon Electrodes 
The experimental procedure for growing MWCNTs on the carbon electrode fiber surface was 
similar to the one described in chapter 4 (Section 4.5.1.2). The only variation was that the 
carbon electrodes were enclosed in a fixture to promote MWCNT growth inside the carbon 
electrode. In order to force the gas mixture through the carbon electrode, the experimental 
fixture shown in Figure 5.3 was placed inside the quartz tube. As shown in Figure 5.3A (side 
view), the experimental setup consisted of two dense alumina foam blocks with carbon paper 
inserted in between them. The diameter of alumina foam blocks approximately matched the 
inner diameter of the quartz tube. Alumina foam blocks used in the experimental fixture are 
shown in Figure 5.3B. The side of alumina foam blocks facing the carbon paper (shown in 
view 1) consisted of a thin vertical slit and multiple openings.  
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Figure 5.3. Experimental set up used to perform CVD (A. Side view, B. Front view, and C. 
Top View)   
 
The carbon paper was inserted into the vertical slit and the openings serve as gas-flow 
channels. The depth of the vertical slit was equal to half the thickness of the alumina foam 
block whereas the gas-flow channels run all the way through the foam blocks. View 2 shows 
the side of the foam blocks facing the quartz tube inlet and outlet, respectively. The gas-flow 
channels were machined to the right side of one of the alumina foam blocks and to the left side 
on the other to force the gas to flow through the porous carbon electrode. The top view shown 
in Figure 5.3C depicts the gas flowing through the carbon electrode. This promotes the 
MWCNT growth inside the carbon electrode. The side of the alumina foam block facing the 
carbon electrode and the finished experimental fixture are shown in Figure 5.4. The 
experimental fixture was placed in a quartz tube and subsequently inserted into the quartz tube 
furnace to grow MWCNTs. 
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Figure 5.4. Alumina foam block and experimental fixture inside the quartz tube used to 
perform CVD 
 
The CVD process used to grow MWCNTs was similar to the one described in chapter 4 
(Section 4.5.1.2) except for the reaction temperature and flow rates of C2H2, Ar, and H2. The 
temperature used for growing MWCNTs was increased from 700oC to 750oC. The MWCNT 
growth rate increases as the temperature increases. The flow rate was increased since the quartz 
tube with a larger diameter (44 mm inner diameter) was used instead of the one with a smaller 
diameter (20 mm inner diameter) used for the studies conducted in chapter 4. The flow rates 
for C2H2, Ar, and 20% H2 (rest is Ar), were 20 cc/min, 170cc/min, and 180 cc/min, 
respectively. The post-treatment and electrochemical analysis (enhancement factor and fuel 
cell measurements) procedures were described in detail in chapter 4 (Sections 4.5.2 and 4.5.3). 
The only change made in this study was that the MWCNT-based carbon electrodes were boiled 
in DI water before testing them in a H2-Br2 fuel cell. 
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5.2.3. Shear Measurements 
The shear measurements were conducted in a H2-Br2 fuel cell to determine the durability of 
the MWCNT-based electrodes against high liquid flow rates under the flow-through mode. 
The fuel cell configuration was shown in chapter 2 (Sections 2.2.1 and 2.2.2). A 1M HBr/0.1M 
Br2 electrolyte was fed to the bromine electrode and humidified H2 gas was recirculated 
through the hydrogen electrode. The flow rates of HBr/Br2 solution and H2 gas are 10 
cc/min/cm2 and 1030 cc/min respectively. A polarization curve was measured using multi-step 
chronoamperometry with applied overpotentials ranging between +24 mV and -24 mV. The 
slope (dI/dV) was measured every two hours until reproducible values were obtained. The 
initial slope (dI/dV) was measured after flowing the HBr/Br2 electrolyte for 15 min. Both 
HBr/Br2 solution and the humidified H2 gas were recirculated continuously throughout the 
entire experiment. The difference between initial and finial enhancement factors or slopes 
(dI/dV) determines the percentage loss of multi-wall carbon nanotubes (MWCNTs). 
5.2.4. Pressure Drop Measurements 
The pressure drop caused by fluid flow through the plain and the MWCNT-based electrodes 
was measured using a U-tube water manometer placed between the inlet and outlet of the flow 
field plate located next to the Br2 electrode. A plastic sheet was used instead of the membrane 
to seal (or secure) the H2 electrode compartment in the fuel cell. Both plain and MWCNT-
based carbon electrodes were used as the Br2 electrodes. Water was pumped through the Br2 
side and the height differential of the liquid columns between the two legs of the manometer 
was measured. The pressure drop (in cm H2O) was measured at different water flow rates. 
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5.2.5. Cost Analysis 
The cost analysis was performed to compare the cost of MWCNT electrode synthesis to that 
of plain carbon electrodes (3 pieces of SGL 10AA). The cost analysis is preliminary since it 
only includes the material costs. The combined cost of electrodeposition and CVD processes 
would contribute toward the total cost of MWCNT electrode synthesis. The cost of cobalt 
sulfate (CoSO4), boric acid (H3BO3), and electricity constitutes the total cost of 
electrodeposition process. The cost of acetylene, argon, hydrogen, and electricity constitute the 
total cost of CVD process.  
5.3. Results and Discussion 
5.3.1. Electrodeposition of Co Nanoparticles 
Initially, the electrodeposition of Co nanoparticles was done using solution A (0.02M CoSO4 
and 0.33M H3BO3). The electrodeposition current, time and number of pulses were listed in 
the experimental section. After electrodepositing Co, the carbon electrodes were soaked in 
liquid nitrogen for 15 minutes to make them hard and brittle. A small piece of carbon electrode 
was then broken and the exposed cross section was subsequently analyzed using SEM. The 
SEM images of cross sectional area of the porous carbon electrodes after electrodepositing Co 
are shown in Figure 5.5 (a & b). The images on the right in Figures 5a and 5b are magnified 9 
times compared to the ones on the left. As the duration of electrodeposition increases from 5 
to 15 seconds, while applying the same pulse current magnitude, the density of Co 
nanoparticles increases. The fact that Co nanoparticles were successfully electrodeposited 
inside the carbon electrode (cross section) shows the benefit of using stainless steel mesh 
current collectors. The diameter of the Co nanoparticles was between 30 and 70 nm.  
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Figure 5.5. SEM analysis of carbon electrode cross section after electrodepositing Co  
a) -30mA for 5s (sample 1) and b) -30mA for 15s (sample 2) 
 
5.3.2. MWCNT Growth Using CVD Process 
After electrodepositing Co, carbon electrodes were inserted into the fixture shown in 
experimental section (5.2.2) and then placed inside the quartz oven to grow MWCNTs. The 
MWCNTs were grown at 750oC for 45 min in the flow of C2H2, Ar and H2. The SEM images 
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of the electrode cross section of samples 1 and 2 after growing MWCNTs are shown in Figure 
5.6. As shown in Figures 5.6a and 5.6b, the MWCNT growth was successfully accomplished 
in the electrode cross section, which was a result of the flow-through condition created by the 
experimental fixture used in this study. The dense Co nanoparticle distribution seen in sample 
2 (-30 mA for 15s) contributed towards the dense nanotube growth as shown in Figure 5.6b. 
The MWCNT-based carbon electrodes were then boiled in DI water and soaked in 2M HBr 
solution overnight before measuring their active surface area enhancement factors. 
5.3.3. Electrochemical Analysis 
The active surface area enhancement factors of MWCNT electrodes were measured in a 
solution of 1M HBr and 0.1M Br2 using a three electrode arrangement described in chapter 4 
(Sections 4.5.2 and 4.5.3). Figure 5.7 shows the multi-step chronoamperometry curves 
obtained with plain SGL 10AA carbon electrode, sample 1, and sample 2. The product of active 
surface area (a) and exchange current density (io) was obtained using the linearized Butler-
Volmer equation discussed in chapter 4 (Equation 4.1). As shown in Table 5.1, the active 
surface area enhancement factors for samples 1 and 2 are 44 and 67, respectively. As expected, 
the active surface area of sample 2 was higher compared to that of sample 1. The high active 
surface area of sample 2 can be directly correlated to its dense MWCNT growth. 
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Figure 5.6. SEM images of cross-section of MWCNT-based electrodes (synthesized at   
750oC for 45 min), under different magnifications (a: sample 1 and b: sample 2) 
 
 
Figure 5.7. Multi-step chronoamperometry curves of MWCNT-based electrodes in a three 
electrode arrangement (samples 1 and 2) 
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Table 5.1. Enhancement factors 
Specimen Enhancement factor 
1 44 
2 67 
    
5.4. Effect of CVD Synthesis Time on Active Surface Area 
During the CVD process, the length and density of MWCNTs can be controlled by varying the 
parameters such as synthesis time, acetylene concentration, and synthesis temperature. In this 
study, the effect of synthesis time on the active surface area of porous carbon electrodes was 
examined, while maintaining a constant acetylene concentration and reaction temperature 
(750oC). Sample 2 was chosen for this study because of its high active surface area. The 
MWCNTs were grown on sample 2 at different CVD synthesis times (15, 30, 45, and 60 
minutes). Based on the CVD synthesis time, the samples were labeled as CVD 15, CVD 30, 
CVD 45, and CVD 60 respectively. 
Figure 5.8 shows the SEM images of samples after growing MWCNTs at different 
synthesis times. The length and density of MWCNTs increased as the CVD synthesis time 
increased from 15 to 60 minutes. Beyond a certain length, the MWCNTs bent on their own 
weight and became tangled as shown in Figure 5.8. One of the advantages of tangled MWCNTs 
was their increased durability when exposed to high liquid flow rates. However, the tall 
nanotubes might block the pores in the carbon electrodes, which in turn might result in a larger 
pressure drop. Long nanotubes also restricted the electrolyte to access to the internal surface 
area (or cross sectional area) of the porous carbon electrode. Since, a flow-through tantalum 
flow field plate was used in the Br2 electrode, the active surface area present inside (cross 
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sectional area) the MWCNT-based carbon electrode played an important role in determining 
its performance. Hence, it was critical to test these MWCNT-based electrodes in a fuel cell at 
high flow rates to determine their durability and performance. 
The multi-step chronoamperometry curves and active surface area enhancement factors 
of MWCNT-based carbon electrodes obtained at different CVD synthesis times are shown in 
Figure 5.9 and Table 5.2 respectively. The active area of the MWCNT-based carbon electrodes 
increased as the CVD synthesis time increased (active surface area enhancement factors 
between 43 and 75 were achieved). One of the limitations associated with measuring 
enhancement factors in a three electrode arrangement is that the electrode remains stagnant in 
the electrolyte solution under no flow. The total active surface area of MWCNT-based 
electrodes measured in a three electrode arrangement might be different from the one measured 
in a fuel cell under fluid flow. The next section introduces the durability study of MWCNT-
based electrodes in a H2-Br2 fuel cell. 
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Figure 5.8. SEM images of a cross-section of MWCNT-based electrodes synthesized at 
different CVD times (a. CVD 15, b. CVD 30, c. CVD 45, and d. CVD 60) 
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Figure 5.9. Multi-step chronoamperometry curves of MWCNT-based electrodes generated at 
different CVD synthesis times (CVD 15, CVD 30, CVD 45, and CVD 60) 
 
Table 5.2. Enhancement factors of MWCNT-based electrodes at different CVD synthesis 
times 
 
Specimen Enhancement factor 
CVD 15 43 
CVD 30 
CVD 45 
CVD 60 
55 
67 
75 
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5.5. Durability of MWCNT Electrodes Based on Shear Measurements 
As described in the experimental section, the shear measurements were conducted in a H2-Br2 
fuel cell. The flow rates of HBr/Br2 electrolyte and H2 were specified in the experimental 
section. The slope (dI/dV) was measured periodically while maintaining continuous HBr/Br2 
and H2 recirculation. Initially, a plain SGL 10AA carbon electrode was tested in a H2-Br2 fuel 
cell to ensure there was no effect of HBr/Br2 crossover on the fuel cell performance over an 
extended period (7 hours). As shown in Figure 5.10, reproducible polarization curves were 
obtained over 7 hours of testing, which shows that there was no noticeable HBr/Br2 or H2 
crossover within the duration of testing. The durability results from the fluid shear experiment 
for the MWCNT-based carbon electrodes are shown in Figure 5.11 (a & b) and Table 5.3.  
 
 
Figure 5.10. Effect of fluid shear rate on a plain SGL 10AA carbon electrode 
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Figure 5.11a shows the slopes (dI/dV) measured as a function of time whereas Figure 
5.11b shows the initial (after 15 min) and final (7-9 hours later) polarization curves. The initial 
and final enhancement factors are shown in Table 5.3.  Two observations were noted in the 
durability test. First, the surface areas of MWCNT-based carbon electrodes decreased as soon 
as the electrodes were subjected to high fluid shear stress. This initial decrease in active surface 
areas was as much as 70% (shown in Table 5.3), which is determined by comparing the 
enhancement factor obtained from the three electrode arrangement and the initial slope (dI/dV) 
measured after 15 min from the durability study.  Second, after this initial loss in surface area, 
additional loss during prolonged operation was minimal, especially with electrodes with longer 
MWCNTs. The carbon electrodes with long and dense MWCNTs were able to withstand high 
liquid flow rates as shown in Table 5.3 (percentage drop in surface area decreased from 29 % 
to 9% as the CVD synthesis time increased from 15 to 60 min). The results also show that 
longer CNTs created beyond 45 minutes of CVD did not contribute to an additional increase 
in active surface area. The final surface areas after the durability test are much higher than that 
of conventional carbon electrodes. The SEM images of MWCNT-based carbon electrodes 
before and after the shear measurement are shown in Figure 5.12. 
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Figure 5.11. Effect of fluid shear rate on the surface area of CNT electrodes treated at 
different CVD times (a) changes in the dI/dV slope (surface activity) as the samples were 
subjected to continuous shear rate (b) initial and final (7-9 hrs. later) polarization curves  
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Table 5.3. Summary of effect of fluid shear rate on surface enhancement factor of MWCNT 
electrodes 
 
Specimen Enhancement 
factor (three-
electrode set 
up) 
Initial 
enhancement 
factor 
Final 
enhancement 
factor 
Percentage drop 
CVD 15 43 8X 5.6X 29% 
CVD 30 
CVD 45 
CVD 60 
55 
67 
75 
9.3X 
17.3X 
16.2X 
7.7X 
14.7X 
14.8X 
17% 
15% 
9% 
 
 
The location where the MWCNT bends on its own weight is very fragile. The part of the 
MWCNT beyond the bend is vulnerable and can be severed at high liquid flow rates. As shown 
in Figure 5.12, a certain percentage of MWCNTs is lost, leaving behind short MWCNTs on 
the carbon electrode fiber surface for all the four samples synthesized at different durations 
using the CVD process (samples: CVD 15, CVD 30, CVD 45, and CVD 60).. Note that, after 
the long MWCNTs were truncated, one could see that a large fraction of the carbon fiber 
surface area was still available for additional CNT growth. In the following sections, the 
optimized electrodeposition process that produces dense MWCNTs will be discussed 
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                                   Before                                                         After 
 
Figure 5.12. SEM images of the cross-section of a MWCNT electrodes before and after the 
durability test (a. CVD 15, b. CVD 30, c. CVD 45, and d. CVD 60) 
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5.6. Fuel cell Performance with Plain and MWCNT-Based Carbon Electrodes 
The synthesized MWCNT electrodes were tested in a H2-Br2 fuel cell and the results are 
presented below in Figures 5.13 and 5.14. The experimental procedure and fuel cell 
configuration were similar to the ones described in chapter 4 except for the concentration of 
HBr and Br2. In this study, a mixture of 2M HBr and 0.9M Br2 was recirculated through the 
bromine electrode. Figure 5.13 shows the performance of the fuel cell under the above 
described operating condition with 3 layers of the conventional SGL 10AA electrode at 10 
cc/min/cm2 and 1 layer of MWCNT-based carbon electrode at 5 and 10 cc/min/cm2. The 
MWCNT-based carbon electrode used in the study is the sample labeled CVD 45 (15X active 
surface area). This sample was chosen as it has the highest active surface area after the 
durability measurements. Figure 5.14 shows the performance of the fuel cell under the same 
operating conditions described above with 3 layers of the conventional SGL 10AA electrode 
at 10 cc/min/cm2 and 1 and 3 layers of MWCNT electrode at 10 cc/min/cm2.  Prior to collecting 
the data for the polarization curve, multiple discharge and charge cycles were carried out to 
hydrate the membrane electrode assembly (MEA). 
 The results in Figure 5.13 show that the fuel cell with a single layer of MWCNT-based 
carbon electrode exceeded the performance of 3 layers of the conventional SGL 10AA 
electrode (~12% higher current and power density at 80% discharge efficiency) even at half 
the flow rate during both discharge and charge. This higher performance acquired with few 
Br2 electrodes will increase the power output, reduce the size and lower the cost of the fuel cell 
system. These results are consistent with previous results obtained with lower HBr 
concentrations (1M HBr/0.9M Br2). The results in Figure 5.14 indicate that, since a single layer 
of MWCNT-based carbon electrode has sufficiently high surface area to give good 
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performance, adding more layers of MWCNT electrode would only increase the ionic transport 
distance (ohmic resistance) in the cell and result in poorer performance, as observed previously 
by Cho et al.2 when more than 3 layers of conventional electrodes were used in the bromine 
side of the cell. Also, the multiple electrode layers used in the fuel cell system result in an 
additional cost. 
 
 
Figure 5.13. Fuel cell performance with 3 layers of conventional electrode and 1 layer of 
CNT electrode at different HBr/Br2 flow rates  
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Figure 5.14. Fuel cell performance with 3 layers of conventional electrode and 1 and 3 layers 
of CNT electrode at the same HBr/Br2 flow rate  
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optimized electrodeposition conditions along with SEM and electrochemical analysis will be 
discussed in the following sections. 
5.7.1. Effect of CoSO4 Concentration on Co Electrodeposition 
The CoSO4 and H3BO3 concentration in solution A specified in the experimental section was 
reduced to half (solution B) and subsequently Co was electrodeposited. Sample 3 (-10mA 
applied for 45 seconds) was synthesized using solution B (0.01M CoSO4 and 0.16M H3BO3). 
Figure 5.15 shows the SEM images of samples 2 and 3 after electrodepositing Co. The 
concentration of CoSO4 determines the number of moles of Co available in the solution near 
the electrode surface. As expected, the diameter of Co nanoparticles decreased as the 
concentration of Co decreased in the solution used for electrodeposition (seen in Figure 5.15). 
Also, the density of Co nanoparticles was high in sample 3, which in turn aids in obtaining 
dense MWCNT distribution. The MWCNTs were grown on sample 3 using the same 
conditions described previously (section 5.4). Since previous durability measurements 
  
 
Figure 5.15. Effect of CoSO4 concentration on the diameter and density of Co nanoparticles 
(a. sample 2: 0.33M CoSO4 and b. sample 3: 0.16M CoSO4) 
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indicated that tall MWCNTs will be lost at high liquid flow rates, the CVD synthesis time for 
sample 3 in this study was reduced to 15 minutes in order to grow short MWCNTs. 
Subsequently, the active surface area enhancement and durability of sample 3 were measured. 
5.7.2. Effect of CoSO4 Concentration on Active Surface Area and Durability of MWCNT 
Electrodes 
Figures 5.16 and 5.17 compare the enhancement factors and durability measurements of 
samples 2 and 3 (MWCNTs were synthesized at 750oC for 15 minutes). The active surface 
area enhancement factor of sample 3 is 20% higher than that of the sample 2 as shown in Figure 
5.16 and Table 5.4. Two observations were noted from the shear measurements shown in 
Figure 5.17. First, the resistance of MWCNTs against high liquid flow rate is higher for sample 
3 as shown in Figure 5.17 (12% drop in surface area of sample 3 compared to 29 % drop in 
surface area of sample 2). This might be a result of dense MWCNT growth obtained in sample 
3 (shown in Figure 5.18), which is directly correlated to its dense Co nanoparticle distribution. 
Second, the active surface area of sample 3 after subjecting it to fluid shear stress is still 5 
times higher than that of sample 2 (shown in Table 5.5). As shown in Figure 5.18, a large 
amount of the short MWCNTs still remain on the sample 3. Finally, sample 3 was tested in a 
H2-Br2 fuel cell to determine its performance. 
 
                  Table 5.4. Effect of CoSO4 concentration on active surface area  
  
Specimen Enhancement factor 
Sample 2 (0.33M CoSO4) 43 
Sample 3 (0.16M CoSO4) 54 
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Figure 5.16. Effect of CoSO4 on active area enhancement factors (sample 2: 0.33M CoSO4 
and sample 3: 0.16M CoSO4) 
 
 
Figure 5.17. Effect of fluid shear rate on the surface area of MWCNT electrodes synthesized 
at different CoSO4 concentrations (sample 2: 0.33M CoSO4 and sample 3: 0.16M CoSO4) 
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Figure 5.18. Sample 3 (0.16M CoSO4) before (left) and after (right) shear measurements 
 
Table 5.5. Effect of CoSO4 concentration on active surface area (durability) 
 
  
Specimen Enhance factor 
(three electrode 
set up) 
Initial 
enhancement 
factor 
Final 
enhancement 
factor 
Percentage 
drop 
Sample 2 
(0.33M 
CoSO4) 
43 8X 5.6X 29% 
Sample 3 
(0.16M 
CoSO4) 
54 33X 29X 
 
12% 
 
5.7.3. Fuel Cell Performance with Durable and High Surface Area MWCNT Electrode  
A new H2-Br2 fuel cell using sample 3 as the Br2 electrode was tested at different HBr/Br2 flow 
rates. Also, 3 layers of plain SGL 10AA have been tested and their performance is compared 
to that of the new MWCNT-based carbon electrode with high durability. As shown in Figure 
5.19, the discharge performance obtained with a single layer of MWCNT-based carbon 
electrode at a low flow rate (2 cc/min/cm2) matched that obtained with 3 layers of plain SGL 
10AA carbon electrode at high flow rate (10cc/min/cm2). Also, better discharge performance 
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was obtained when the H2-Br2 fuel cell system with the MWCNT-based carbon electrode was 
operated at high flow rates (7 and 10 cc/min/cm2). For example, at 80 % discharge efficiency, 
the current and power density of H2-Br2 fuel cell system acquired with the MWCNT-based 
carbon electrode is approximately 16% higher than that acquired with 3 layers of plain SGL 
10AA carbon electrode. 
 
 
Figure 5.19. Fuel cell performance with 3 layers of conventional electrode and 1 layer of 
MWCNT electrode (sample 3) at different HBr/Br2 flow rates  
 
There are two ways to use MWCNT-based carbon electrodes to gain cost advantages. 
The first option is to operate a H2-Br2 fuel cell with the MWCNT-based carbon electrode at 
low flow rates so that it matches the fuel cell performance obtained with multiple plain carbon 
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
C
el
l 
V
o
lt
a
g
e 
, 
V
Current Density, A/cm2
3pc Plain_2/0.9_1cc/min-cm2 3pc Plain_2/0.9_2cc/min-cm2
3pc Plain_2/0.9_5cc/min-cm2 3pc Plain_2/0.9_7cc/min-cm2
3pc Plain_2/0.9_10cc/min-cm2 1pc CNT_2/0.9_1cc/min-cm2
1pc CNT_2/0.9_2cc/min-cm2 1pc CNT_2/0.9_5cc/min-cm2
1pc CNT_2/0.9_7cc/min-cm2 1pc CNT_2/0.9_10cc/min-cm2
185 
 
electrodes. This option reduces pumping costs and possibly the bromine electrode cost as well. 
A detailed cost analysis will be shown in the following sections to determine whether there is 
a cost advantage of using a MWCNT-based carbon electrode instead of the plain ones. The 
second option is to operate a H2-Br2 fuel cell with the MWCNT-based carbon electrode at high 
flow rates so that it exceeds the fuel cell performance obtained with multiple plain carbon 
electrodes. While this option doesn’t reduce the pumping costs, it reduces the material and fuel 
cell stack costs, which is very significant. Since higher fuel cell performance could be obtained 
with MWCNT-based carbon electrodes, the number of fuel cells in a stack can be reduced for 
a required stack power. 
5.8. Pressure Drop Measurements 
Pressure drop measurements were done on both plain SGL 10AA (single layer) and MWCNT-
based carbon electrodes (sample 3: Co electrodeposition done at 0.16M CoSO4) using the 
procedure described in the experimental section. Sample 3 was chosen since it is the best 
performing MWCNT-based carbon electrode. Figure 5.20 shows the pressure drop across the 
Br2 electrode (in cm H2O) as a function of H2O flow rate. This is a comparative study since 
the pressure drop related to the minor losses in the tubing was included in the total pressure 
drop measured for both plain SGL 10AA and MWCNT-based carbon electrodes. The pressure 
drop curves shown in the graph were obtained after multiple measurements. Also, the 
uncertainties in the flow rates were represented by the error bars. 
 As shown in Figure 5.20, the pressure drop with a MWCNT-based electrode is higher 
than that observed with plain SGL 10 AA (single layer) carbon electrode. The high pressure 
drop seen in the MWCNT-based carbon electrode might be a result of slight decrease in 
porosity due to the MWCNT growth on the carbon electrode fiber surface. The increase in 
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pressure drop seen in MWCNT-based carbon electrode is still insignificant to cause any severe 
resistance to the fluid flow. This can be attributed to the short nanotubes remaining after being 
subjected to the fluid shear stress and also the very high porosity of SGL 10 AA carbon 
electrode material compared to the other commercially available ones (Toray, Avcarb, etc.,). 
 
 
Figure 5.20: Pressure drop measurements of plain SGL 10AA (single layer) and sample 3 
(synthesized at 0.16M CoSO4) at different H2O flow rates 
 
5.9. Cost Analysis (Materials Perspective) 
A preliminary cost analysis was performed to highlight the cost advantage of using MWCNT 
electrodes instead of commercially available carbon electrodes. In this study, commercially 
available SGL 10 AA carbon electrode material was chosen because of their high porosity. 
5.9.1. Cost of AA Carbon Electrode Material 
Cost of plain carbon electrode (10AA)2: 70 $/m2  
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Thickness of SGL 10AA carbon electrode: 415 μm 
Gravimetric BET area of plain carbon electrode (AA material): 0.65 m2/g 
BET area per unit volume of plain carbon electrode (AA material): 0.16 m2/cm3 
BET density of plain carbon electrode (AA material):  0.25 g/cm3 
5.9.2. Material Costs for Electrodeposition  
Cost of cobalt sulfate required per gm of carbon electrode: 0.00025 $/g of GDL 
Cost of boric acid required per gm of carbon electrode:3 0.000012 $/g of GDL 
Cost of electricity per gm carbon electrode:3 0.0083 $/g of GDL 
 
 
Figure 5.21. Material costs involved with electrodeposition 
 
 
 
5.9.3. Material Costs for Chemical Vapor Deposition 
Cost of acetylene required per gm of carbon electrode: 0.00089 $/g of GDL4 
Cost of argon required per gm of carbon electrode: 0.026 $/g of GDL4 
Cost of hydrogen required per gm of carbon electrode: 0.005 $/g of GDL4 
Cost of electricity required per gm of carbon electrode: 0.225 $/g of GDL4 
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Figure 5.22. Material costs involved with chemical vapor deposition 
 
5.9.4. Cost Benefits of Using MWCNT Electrodes 
There are two cost benefits of using MWCNT-based carbon electrodes, which are explained 
in the following sections. 
5.9.4.1. Benefit-1 
The first benefit of using a MWCNT-based carbon electrode is as follows. In the case with 
plain porous carbon materials, an electrode with a certain thickness, or multiple layers of 
thinner electrodes, is needed for each H2/Br2 fuel cell in a stack to create the required active 
surface area to achieve optimal fuel cell performance. Electrode thickness is a limiting factor 
because a mass transport limitation is reached beyond a certain value. However, in the case 
with porous MWCNT-based carbon materials, one can use a thinner MWCNT-based carbon 
electrode to obtain the same active area as in the thicker plain electrode. The advantages 
resulting from this approach are better performance due to shorter mass transport distance and 
lower ohmic resistance. Another advantage is lower cost if the cost of a single shorter 
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MWCNT-based carbon electrode is lower than the cost of a thicker plain electrode. A case 
study was conducted to evaluate this point. 
Case Study 
In the case of SGL 10AA material frequently used in literature, it was found that using three 
pieces of plain 10 AA resulted in optimal performance of the H2/Br2 fuel cell. As the plain 
carbon electrodes have low specific surface areas, multiple layers or thick electrodes are 
required to enhance the fuel cell performance. 
Thickness of 1 piece of plain SGL 10 AA: 0.0415 cm 
Thickness of 3 pieces of plain SGL 10 AA: 0.1245 cm 
 In order to obtain a better understanding of plain carbon electrode thickness to growing 
multi-walled carbon nanotubes, a plot (Figure 5.23) has been generated for the cost ratio (ratio 
of the cost of MWCNT-based carbon electrode which involves both the cost of plain electrode 
used for MWCNT synthesis as well as the electrodeposition and CVD cost for the respective 
electrode to the cost of a 0.1245 cm thick plain electrode) versus thickness of MWCNT-based 
carbon electrode. The geometric area of the electrode is kept constant as the thickness is varied. 
Note that there are plain carbon electrodes with high porosity and wide range of thicknesses 
available in the market (SGL, Toray, Avcarb, etc.).  
 
𝐶𝑜𝑠𝑡 𝑟𝑎𝑡𝑖𝑜 =
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑀𝑊𝐶𝑁𝑇 𝑏𝑎𝑠𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑎 0.1245 (3 𝑥 0.0415 𝑐𝑚) 𝑐𝑚 𝑡ℎ𝑖𝑐𝑘 𝑝𝑙𝑎𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
              [5.1]  
 
From Figure 5.23, we can see that using an electrode with thickness beyond 900 microns 
offers no cost advantage for the MWCNT-based carbon electrode compared to the cost of a 
thick plain electrode. The cost ratio exceeding 1 indicates that the cost of the MWCNT-based 
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carbon electrode is higher than that of the plain electrode. On the other hand, the cost is reduced 
when a thinner MWCNT-based carbon electrode is used. For example, by using a 415 micron 
thick MWCNT-based carbon electrode, same as one layer of SGL 10AA plain electrode, the 
cost of a MWCNT-based carbon electrode is about 47% that of a plain carbon electrode of 
1245 micron thickness. We could use an even thinner MWCNT-based carbon electrode to 
obtain a lower cost if the thinner MWCNT-based carbon electrode has equal or higher surface 
area than the thicker plain electrode. A 20X increase in surface area by this method means we 
could use a MWCNT-based carbon electrode, 1/20 as thick or about 62.2 microns. This 62.2 
micron thick MWCNT-based carbon electrode should give us the same or better performance 
at about 1/15th the cost of a thicker plain electrode.  As reported in the last section, using a 
single MWCNT-based 10AA carbon electrode resulted in higher performance than three layers 
of 10AA plain electrode. This shows both performance and cost advantages.  
 
 
Figure 5.23. Cost versus thickness of a MWCNT-based carbon electrode 
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5.9.4.2. Benefit-2 
The second benefit is that the performance enhancement resulting in the usage of a MWCNT-
based carbon electrode might enable us to reduce the number of H2/Br2 fuel cells required per 
stack of a given power rating. This approach could result in a significant cost reduction when 
fewer more expensive components like membrane, catalyst, bipolar plates, gas diffusion layers, 
MEA frames, gaskets, endplates, etc. are used in the fuel cell stack. Also, the size and weight 
of the fuel cell stack are reduced due to using thinner CNT electrodes in each cell resulting in 
higher volumetric and gravimetric stack power densities. 
 Enhancement in discharge performance (at 80% discharge efficiency) with a single layer 
of (0.0415cm thickness) MWCNT electrode was 16 % (as reported in the previous section) 
So, for every 7 fuel cells employing thicker plain carbon electrodes in a stack, one entire fuel 
cell could be eliminated by employing thinner MWCNT-based carbon electrodes. For a 
required stack power, the number of cells in a stack can be reduced by 15% using MWCNT-
based carbon electrodes.  
5.10. Conclusions 
In this study, MWCNT-based carbon electrodes with high surface area and durability were 
synthesized using modified electrodeposition and CVD experimental configurations. It was 
found that tall MWCNTs were quickly lost once they were exposed to high fluid flow rates. 
Smaller Co nanoparticles with dense distribution were obtained by lowering the CoSO4 
concentration. The durability of carbon electrodes with a dense distribution of short MWCNTs 
was found to be ideal against high liquid flow rates. The higher fuel cell performance obtained 
with MWCNT-based carbon electrodes was expected to lower the fuel cell system cost. The 
increase in pressure drop in the MWCNT-based carbon electrode is quite low to cause any 
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resistance to the fluid flow. The preliminary cost analysis has shown that the CNT electrode 
material could provide significant cost advantages over that of conventional porous gas 
diffusion electrode materials.     
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CHAPTER 6 
 Future Work and Recommendations 
6.1. Catalyst Development 
Since it is very challenging to fabricate a membrane that completely prevents the crossover of 
bromine (Br2, Br
-, and Br3
-) species to the hydrogen (H2) electrode, an active catalyst that is 
stable in HBr/Br2 solution is necessary. The rhodium sulfide catalyst (RhxSy) exhibits excellent 
stability in HBr/Br2 environment but its hydrogen oxidation activity is quite low. Hence, it is 
very important to understand the hydrogen oxidation electrochemistry of the RhxSy catalyst 
material. The active phases of RhxSy that will improve the activity of hydrogen oxidation 
reaction (HOR) must be identified and synthesized. The other option is to develop Pt-alloy 
catalysts with higher stability than pure Pt.1 This option might prolong the life time of the fuel 
cell but eventually fails due to the presence of Pt. Research in this area is undergoing in our 
research group. 
6.2 Alkaline H2-Br2 Fuel Cell Development 
Recently, an alkaline version of the H2-Br2 system has been developed and tested by our 
research group, which doesn’t require Pt or any noble metal catalyst for H2 reactions. The 
hydrogen evolution and oxidation reactions in alkaline medium can be accomplished using 
inexpensive catalysts such as Ni. The other advantages of alkaline H2-Br2 system include high 
open circuit potential and low corrosivity of electrolytes (HBr solution is replaced with KBr). 
However, the performance of alkaline based H2-Br2 system is limited by the two phase H2 
reactions and low ionic conductivity of membranes used in this system due to slow K+ ion 
diffusivity.2 A complex electrode structure is required to handle the two phase reactions, which 
is an engineering challenge. The engineering challenges are much easier to solve as opposed 
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to the material related challenges such as catalyst development discussed in the previous 
section.  
6.3 High Surface Area Carbon Electrodes 
The high surface area carbon electrodes developed in this study can be used in different flow 
battery systems (all-vanadium, iron-chromium, vanadium-polyhalide, zinc-bromine etc.). 
Hence, it is worthwhile to come up with a carbon nanotube (CNT) electrode synthesis 
procedure that is cost effective and suitable for large scale synthesis.  In this study, the CNT 
based electrodes were synthesized using two steps: electrodeposition and chemical vapor 
deposition. For future studies, a process that facilitates the synthesis of CNT based electrodes 
in a single step is recommended. The cost of CNT electrode synthesis will be greatly reduced 
by this approach. One way to synthesize CNT electrodes in a single step is to deposit Co 
nanoparticles by thermal reduction.3 The Co nanoparticle deposition and CNT growth can be 
accomplished in a single step using the quartz tube furnace. The Co nanoparticle deposition by 
thermal reduction is the major challenge in this area. 
6.4 Contributions to this Area 
This research contributed to the H2-Br2 fuel cell area through the following publications. 
1. Venkata Yarlagadda, Guangyu Lin, Pau Ying Chong, and Trung Van Nguyen, “Durable 
and High Surface Area Carbon Nanotube Electrodes for Reversible H2-Br2 Fuel Cell 
Applications,” (manuscript in preparation). 
2. Venkata Yarlagadda, Guangyu Lin, Pau Ying Chong, and Trung Van Nguyen, “H2-Br2 
Fuel Cell Performance with High Surface Area Bromine Electrode Materials,” 
(manuscript in preparation). 
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APPENDIX A 
Experimental Data (CHAPTER 2) 
Table A.1. Experimental data for Figure 2.4 (Pt on Toray 090) 
Voltage (V) 
Current density 
(A/cm2) 
Power density 
(W/cm2) 
1.0206 0 0 
0.9737 0.0868 0.084517 
0.9487 0.1328 0.125987 
0.9236 0.1769 0.163385 
0.8989 0.2231 0.200545 
0.8739 0.2665 0.232894 
0.8487 0.3078 0.26123 
0.8235 0.3536 0.29119 
0.799 0.3927 0.313767 
0.7741 0.434 0.335959 
0.7488 0.4715 0.353059 
0.7241 0.5017 0.363281 
0.6991 0.5361 0.374788 
0.6743 0.5585 0.376597 
0.6489 0.582 0.37766 
0.6243 0.5993 0.374143 
0.5993 0.6112 0.366292 
1.0206 0  
1.0489 0.0538  
1.0741 0.1004  
1.0989 0.1451  
1.124 0.1857  
1.149 0.2241  
1.1739 0.2588  
1.1989 0.2914  
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Table A.2. Experimental data for Figure 2.4 (Plain SGL 10AA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) 
Power density 
(W/cm2) 
1.020829 0 0 
0.948992 0.134 0.127165 
0.899019 0.220404 0.198147 
0.849142 0.29583 0.251202 
0.799265 0.36841 0.294457 
0.748968 0.435418 0.326114 
0.699148 0.503794 0.352226 
0.648946 0.570823 0.370433 
0.598878 0.648871 0.388594 
1.022357 0  
1.049224 0.042912  
1.09933 0.133867  
1.149437 0.232692  
1.199429 0.32923  
1.249439 0.425977  
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Table A.3. Experimental data for Figure 2.5 (Untreated first run) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.03357 0 1.03357 0 
0.949122 0.132247 0.976497 0.129139 
0.899241 0.20511 0.941699 0.193152 
0.849527 0.282738 0.908054 0.256742 
0.800008 0.354219 0.873331 0.30935 
0.749988 0.42684 0.838344 0.357839 
0.700191 0.50718 0.805178 0.40837 
0.65045 0.588875 0.772347 0.454816 
0.600403 0.667537 0.738583 0.493031 
1.032857 0 1.032857  
1.04891 0.024177 1.043906  
1.098902 0.101563 1.077878  
1.149116 0.173916 1.113115  
1.19908 0.244873 1.148391  
1.249543 0.311118 1.185142  
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Table A.4. Experimental data for Figure 2.5 (Untreated second run) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.033265 0 1.033265 0 
0.948983 0.148382 0.979698 0.14537 
0.899158 0.244159 0.949699 0.231878 
0.849388 0.330969 0.917899 0.303796 
0.799647 0.4159 0.885738 0.368378 
0.74985 0.501367 0.853633 0.427984 
0.700108 0.576714 0.819488 0.47261 
0.650172 0.666302 0.788097 0.52511 
0.600486 0.760643 0.757939 0.576521 
1.032654 0 1.032654  
1.048994 0.027761 1.043247  
1.09893 0.122934 1.073482  
1.149171 0.213542 1.104968  
1.19908 0.279318 1.141261  
1.24946 0.357523 1.175453  
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Table A.5. Experimental data for Figure 2.5 (Acid treated first run) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.030515 0 1.030515 0 
0.948705 0.139644 0.981382 0.137044 
0.898797 0.232816 0.953276 0.221938 
0.848944 0.327211 0.925511 0.302837 
0.799258 0.417605 0.896977 0.374582 
0.749377 0.503032 0.867087 0.436172 
0.699858 0.581452 0.835918 0.486046 
0.649894 0.659295 0.804169 0.530185 
0.600014 0.736131 0.772268 0.568491 
1.030617 0 1.030617  
1.048605 0.033614 1.040739  
1.098624 0.12284 1.06988  
1.148885 0.192211 1.103907  
1.198774 0.272123 1.135097  
1.248849 0.332054 1.171148  
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Table A.6. Experimental data for Figure 2.5 (DI water boiled first run) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.029955 0 1.029955 0 
0.948844 0.134328 0.985717 0.132409 
0.898963 0.215379 0.958085 0.206352 
0.84925 0.295826 0.930454 0.275253 
0.799508 0.376784 0.902935 0.340211 
0.7496 0.453647 0.874126 0.396544 
0.699969 0.54004 0.84821 0.458068 
0.650089 0.617038 0.819466 0.505641 
0.600264 0.704143 0.793551 0.558773 
1.029395 0 1.029395  
1.048772 0.033708 1.039519  
1.098819 0.116799 1.066757  
1.148977 0.189313 1.09701  
1.199191 0.259424 1.127979  
1.249182 0.321508 1.160928  
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Table A.7. Experimental data for Figure 2.6, Figure 2.11 
Temperature: 25C (Nafion 115) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.031024 0 1.031024 0 
0.949205 0.086084 0.958502 0.082512 
0.89938 0.138973 0.914389 0.127075 
0.849694 0.191163 0.87034 0.166377 
0.79998 0.238374 0.825724 0.196831 
0.749877 0.288282 0.781012 0.225152 
0.701219 0.33599 0.737506 0.247794 
0.650783 0.386583 0.692534 0.267722 
0.600875 0.433082 0.647648 0.280484 
1.030006 0 1.030006  
1.049299 0.021465 1.046981  
1.099346 0.084274 1.090245  
1.149532 0.153432 1.132962  
1.199441 0.221932 1.175472  
1.249599 0.272606 1.220157  
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Table A.8. Experimental data for Figure 2.6, Figure 2.11 
Temperature: 45C (Nafion 115) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.021401 0 1.021401 0 
0.949316 0.117522 0.962008 0.113057 
0.899408 0.20307 0.921339 0.187096 
0.849666 0.285692 0.880521 0.251557 
0.79973 0.356434 0.838225 0.298772 
0.749877 0.424075 0.795677 0.337427 
0.700052 0.493434 0.753343 0.371725 
0.6507 0.550914 0.710198 0.391258 
0.600458 0.614017 0.666772 0.40941 
1.020637 0 1.020637  
1.049299 0.048822 1.044026  
1.099263 0.142693 1.083852  
1.14931 0.24145 1.123234  
1.199607 0.336623 1.163252  
1.250071 0.410801 1.205704  
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Table A.9. Experimental data for Figure 2.6, Figure 2.10: Temperature: 25C (Nafion 212) 
Figure 2.7: Single layer (25C) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.020829 0 1.020829 0 
0.948992 0.134 0.958942 0.128498 
0.899019 0.220404 0.915384 0.201754 
0.849142 0.29583 0.871108 0.2577 
0.799265 0.36841 0.826619 0.304535 
0.748968 0.435418 0.781297 0.340191 
0.699148 0.503794 0.736554 0.371071 
0.648946 0.570823 0.691329 0.394626 
0.598878 0.648871 0.647056 0.419856 
1.022357 0 1.022357  
1.049224 0.042912 1.046038  
1.09933 0.133867 1.089391  
1.149437 0.232692 1.132159  
1.199429 0.32923 1.174983  
1.249439 0.425977 1.217811  
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Table A.10. Experimental data for Figure 2.6, Figure 2.10 
Temperature: 45C (Nafion 212) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.006062 0 1.006062 0 
0.949431 0.156996 0.961088 0.150887 
0.899337 0.288374 0.920749 0.26552 
0.849333 0.406769 0.879536 0.357768 
0.799399 0.514834 0.837625 0.431238 
0.749235 0.604438 0.794114 0.479993 
0.699319 0.678778 0.749719 0.508893 
0.648602 0.740287 0.703568 0.520842 
0.598305 0.785958 0.656662 0.516109 
1.004331 0 1.004331  
1.048422 0.120014 1.039511  
1.098452 0.266041 1.078698  
1.148577 0.415931 1.117694  
1.198512 0.552344 1.1575  
1.248919 0.663501 1.199654  
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Table A.11. Experimental data for Figure 2.7 
Double layer (25C) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.0227 0 1.0227 0 
0.949684 0.144628 0.97832 0.13961002 
0.899868 0.236269 0.946649 0.2186395 
0.850109 0.323111 0.914085 0.28595434 
0.800407 0.402837 0.880169 0.33995958 
0.750514 0.485037 0.846552 0.38943526 
0.700889 0.564117 0.812584 0.42975228 
0.65092 0.635427 0.776735 0.45721924 
0.601238 0.69905 0.739649 0.47307126 
1.022267 0 1.022267  
1.049622 0.052792 1.039169  
1.099725 0.155045 1.069026  
1.149827 0.257733 1.098796  
1.199892 0.360208 1.128571  
1.249956 0.451073 1.160644  
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Table A.12. Experimental data for Figure 2.7 
Double layer (45C) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.010047 0 1.010047 0 
0.949589 0.182595 0.969309 0.176991 
0.89981 0.323526 0.934751 0.302416 
0.84988 0.450069 0.898487 0.404382 
0.799796 0.566794 0.86101 0.488015 
0.749923 0.678534 0.823204 0.558572 
0.700755 0.766087 0.783493 0.600223 
0.650958 0.852587 0.743038 0.633504 
0.60118 0.922983 0.700862 0.646884 
1.009028 0 1.009028  
1.049603 0.115971 1.032068  
1.099687 0.258711 1.060569  
1.149866 0.404976 1.088633  
1.199873 0.539881 1.118243  
1.249842 0.631881 1.154301  
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Table A.13. Experimental data for Figure 2.10 
Temperature: 25C (25 micron composite) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.030261 0 1.030261 0 
0.949188 0.123744 0.962552 0.11911 
0.899314 0.196752 0.920563 0.181122 
0.849612 0.263641 0.878086 0.231499 
0.799853 0.329534 0.835443 0.275307 
0.749999 0.389363 0.79205 0.308395 
0.700221 0.429729 0.746632 0.32085 
0.650443 0.507416 0.705244 0.357852 
0.600455 0.578459 0.662928 0.383477 
1.029395 0 1.029395  
1.049202 0.023472 1.046667  
1.099209 0.096628 1.088773  
1.149369 0.181984 1.129715  
1.199357 0.27571 1.169581  
1.249689 0.359562 1.210856  
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Table A.14. Experimental data for Figure 2.10 
Temperature: 45C (25 micron composite) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.015444 0 1.015444 0 
0.948901 0.151799 0.965295 0.146531 
0.899104 0.269686 0.92823 0.25033 
0.849288 0.37756 0.890064 0.336052 
0.799624 0.475494 0.850978 0.404635 
0.749808 0.572663 0.811656 0.464805 
0.700087 0.674511 0.772934 0.521352 
0.650137 0.785808 0.735005 0.577573 
0.600436 0.88031 0.695509 0.612263 
1.014018 0 1.014018  
1.048954 0.076768 1.040663  
1.098904 0.200755 1.077222  
1.149216 0.338954 1.112609  
1.198498 0.490341 1.145541  
1.248887 0.590177 1.185148  
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Table A.15. Experimental data for Figure 2.11 
Temperature: 25C (65 micron composite) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.031432 0 1.031432 0 
0.948672 0.09615 0.959056 0.092213 
0.898798 0.151383 0.915148 0.138538 
0.84904 0.204864 0.871165 0.17847 
0.799777 0.259488 0.827802 0.214805 
0.74935 0.312719 0.783123 0.244898 
0.699763 0.367731 0.739478 0.271929 
0.649774 0.426684 0.695856 0.296911 
0.600092 0.488073 0.652804 0.318616 
1.031024 0 1.031024  
1.048553 0.016265 1.046796  
1.098541 0.072246 1.090738  
1.148701 0.139467 1.133638  
1.198746 0.212641 1.175781  
1.248925 0.285972 1.21804  
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Table A.16. Experimental data for Figure 2.11 
Temperature: 45C (65 micron composite) 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
Power density 
(W/cm2) 
1.018728 0 1.018728 0 
0.948615 0.13515 0.963211 0.130178 
0.89876 0.227179 0.923296 0.209753 
0.848944 0.307034 0.882104 0.270836 
0.799242 0.378593 0.84013 0.318068 
0.74935 0.451555 0.798118 0.360394 
0.699801 0.52053 0.756018 0.39353 
0.649851 0.591222 0.713703 0.421957 
0.600016 0.667552 0.672111 0.448669 
1.017735 0 1.017735  
1.048591 0.055293 1.042619  
1.098636 0.150302 1.082404  
1.148796 0.25561 1.12119  
1.198727 0.361804 1.159652  
1.248906 0.471718 1.197961  
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Table A.17. Experimental data for Figure 2.12, Figure 2.14 
Pt: day 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.995892 0 0.995892 
0.948939 0.073272 0.961716 
0.899104 0.143465 0.924121 
0.849269 0.203332 0.884725 
0.799624 0.260337 0.845021 
0.74977 0.319631 0.805506 
0.700011 0.388699 0.76779 
0.650118 0.475624 0.733055 
0.600416 0.563324 0.698646 
0.996197 0 0.996197 
1.048858 0.061236 1.03818 
1.098808 0.146878 1.073196 
1.149102 0.254567 1.104712 
1.199071 0.376072 1.133493 
1.249307 0.49479 1.163028 
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Table A.18. Experimental data for Figure 2.12 
Pt: day 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.990698 0 0.990698 
0.9485 0.009751 0.950082 
0.898703 0.01718 0.90149 
0.848906 0.018389 0.851889 
0.799204 0.017032 0.801967 
0.749292 0.014559 0.751654 
0.699705 0.012058 0.701661 
0.649794 0.009714 0.651369 
0.600035 0.007841 0.601307 
0.98917 0 0.98917 
1.048534 0.032941 1.04319 
1.09856 0.079776 1.085618 
1.148701 0.13345 1.127052 
1.198708 0.191831 1.167588 
1.248887 0.252888 1.207862 
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Table A.19. Experimental data for Figure 2.12 
Pt: day 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.990392 0 0.990392 
0.948882 0.005432 0.949875 
0.899009 0.009585 0.90076 
0.849173 0.009797 0.850963 
0.799471 0.008505 0.801025 
0.749483 0.006872 0.750739 
0.699801 0.005432 0.700793 
0.649985 0.004085 0.650731 
0.600168 0.003069 0.600729 
0.983671 0 0.983671 
1.048744 0.022798 1.044578 
1.09877 0.058818 1.088024 
1.148968 0.103808 1.130002 
1.198861 0.152009 1.171089 
1.249097 0.207778 1.211136 
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Table A.19. Experimental data for Figure 2.12, Figure 2.14 
Pt: day 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.984741 0 0.984741 
0.948481 0.003365 0.949056 
0.898741 0.00593 0.899755 
0.848887 0.006069 0.849925 
0.799166 0.005091 0.800036 
0.74935 0.004075 0.750047 
0.699686 0.003088 0.700214 
0.649774 0.002165 0.650145 
0.599939 0.001556 0.600205 
0.970076 0 0.970076 
1.048725 0.018682 1.04553 
1.098636 0.051223 1.089877 
1.148911 0.093066 1.132997 
1.198765 0.139237 1.174956 
1.249078 0.189339 1.216701 
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Table A.20. Experimental data for Figure 2.13, Figure 2.14 
RhxSy: day 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.996401 0 0.996401 
0.948787 0.015039 0.951544 
0.898913 0.02652 0.903776 
0.849192 0.037446 0.856059 
0.799433 0.048751 0.808373 
0.749617 0.060869 0.760779 
0.699896 0.074795 0.713612 
0.650004 0.090004 0.666508 
0.600168 0.10728 0.619841 
0.994975 0 0.994975 
1.048706 0.032442 1.042778 
1.098713 0.086356 1.082935 
1.148892 0.156716 1.12026 
1.198803 0.242801 1.154444 
1.249135 0.332227 1.188437 
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Table A.21. Experimental data for Figure 2.13 
RhxSy: day 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.996706 0 0.996706 
0.948557 0.015888 0.951453 
0.898741 0.028098 0.903862 
0.848944 0.039956 0.856226 
0.799223 0.052184 0.808734 
0.74935 0.064671 0.761136 
0.699591 0.078237 0.713849 
0.649832 0.092957 0.666773 
0.599977 0.110085 0.62004 
0.995281 0 0.995281 
1.048553 0.031501 1.042812 
1.098579 0.08188 1.083656 
1.148834 0.148105 1.121842 
1.198765 0.229318 1.156972 
1.249021 0.318753 1.190928 
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Table A.22. Experimental data for Figure 2.13 
RhxSy: day 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.995051 0 0.995051 
0.948748 0.015002 0.951607 
0.898779 0.026575 0.903844 
0.849116 0.037732 0.856307 
0.7993 0.049425 0.808719 
0.749483 0.060878 0.761085 
0.699858 0.072395 0.713655 
0.64987 0.084817 0.666034 
0.600073 0.099518 0.619038 
0.995433 0 0.995433 
1.048648 0.028769 1.043166 
1.098636 0.074784 1.084384 
1.148758 0.135637 1.122909 
1.19888 0.205701 1.159678 
1.248963 0.291759 1.193361 
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Table A.23. Experimental data for Figure 2.13, Figure 2.14 
RhxSy: day 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
0.995281 0 0.995281 
0.948596 0.013719 0.951257 
0.898722 0.025015 0.903574 
0.84902 0.035711 0.855947 
0.799223 0.046278 0.808199 
0.749369 0.056734 0.760372 
0.699705 0.066996 0.712699 
0.649755 0.078523 0.664985 
0.599996 0.090613 0.617571 
0.996044 0 0.996044 
1.048648 0.024866 1.043826 
1.09856 0.064521 1.086046 
1.148796 0.118075 1.125896 
1.198765 0.184485 1.162984 
1.248983 0.258997 1.19875 
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Table A.24. Experimental data for Figure 2.15 
First run 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
1.000321 0 1.000321 
0.949122 0.05874 0.963131 
0.899213 0.110434 0.925552 
0.849388 0.159511 0.887432 
0.799675 0.205016 0.848571 
0.749961 0.256267 0.81108 
0.700025 0.316431 0.775494 
0.650366 0.386999 0.742666 
0.600514 0.45362 0.708702 
1.000321 0 1.000321 
1.049077 0.039869 1.039568 
1.099124 0.101456 1.074927 
1.149282 0.179366 1.106503 
1.199163 0.264981 1.135965 
1.249432 0.354798 1.164813 
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Table A.25. Experimental data for Figure 2.15 
After 8 hours 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
1.000932 0 1.000932 
0.949649 0.019248 0.954301 
0.899713 0.032014 0.907449 
0.850111 0.037397 0.859147 
0.800341 0.035826 0.808999 
0.750405 0.031343 0.757979 
0.700691 0.026014 0.706977 
0.650839 0.021289 0.655983 
0.601125 0.01749 0.605351 
1.00078 0 1.00078 
1.049605 0.032875 1.04166 
1.09968 0.075535 1.081426 
1.149866 0.123833 1.119941 
1.199774 0.181594 1.155891 
1.25725 0.25446 1.19576 
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Table A.26. Experimental data for Figure 2.16 
First run 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
1.002002 0 1.002002 
0.949538 0.043907 0.959951 
0.899713 0.081694 0.919087 
0.850055 0.123254 0.879285 
0.800258 0.173055 0.841298 
0.7504 0.228581 0.804608 
0.700858 0.291222 0.769921 
0.650755 0.368193 0.738072 
0.601097 0.444801 0.706581 
1.001543 0 1.001543 
1.049605 0.029707 1.04256 
1.099652 0.083026 1.079962 
1.149754 0.156654 1.112604 
1.199802 0.229047 1.145483 
1.249099 0.34073 1.168295 
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Table A.27. Experimental data for Figure 2.16 
After 8 hours 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Voltage (V) 
Current density 
(A/cm2) Voltage (V)_IR 
1.000576 0 1.000576 
0.948955 0.04376 0.959362 
0.899047 0.081842 0.918511 
0.849333 0.123227 0.878639 
0.799702 0.169363 0.839981 
0.749877 0.223836 0.803111 
0.700247 0.285974 0.768259 
0.650839 0.35783 0.735939 
0.600902 0.432303 0.703715 
1.001391 0 1.001391 
1.04966 0.03011 1.042499 
1.099707 0.08265 1.080051 
1.149866 0.154264 1.113178 
1.199802 0.237289 1.143368 
1.250071 0.332394 1.171019 
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APPENDIX B 
Experimental Data (CHAPTER 4 AND CHAPTER 5) 
Table B.1. Experimental data for Figure 4.18 
Plain SGL 10AA 
Sample 1 (-1mA 
for 1000s) 
Sample 3 (-15mA 
for 1s) 
Sample 4 (-20mA 
for 0.2s) 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.00276 0.00242 0.00271 0.05496 0.00291 0.02019 0.00271 0.03418 
0.00545 0.00540 0.00535 0.12308 0.00554 0.03991 0.00543 0.06764 
0.00817 0.00825 0.00801 0.18754 0.00828 0.06218 0.00815 0.10085 
0.01085 0.01140 0.01067 0.25122 0.01105 0.08246 0.01087 0.13355 
0.00818 0.00807 0.00800 0.18996 0.00830 0.06100 0.00815 0.10064 
0.00547 0.00527 0.00537 0.11843 0.00554 0.03976 0.00544 0.06668 
0.00274 0.00253 0.00272 0.05355 0.00279 0.01855 0.00272 0.03363 
-0.00269 -0.00303 -0.00266 -0.06456 -0.00277 -0.01996 -0.00269 -0.03625 
-0.00539 -0.00605 -0.00533 -0.12633 -0.00552 -0.04132 -0.00541 -0.07004 
-0.00811 -0.00881 -0.00802 -0.18490 -0.00831 -0.06030 -0.00811 -0.10515 
-0.01084 -0.01149 -0.01070 -0.24642 -0.01109 -0.07906 -0.01080 -0.14239 
-0.00811 -0.00876 -0.00804 -0.18105 -0.00831 -0.06013 -0.00812 -0.10416 
-0.00541 -0.00588 -0.00535 -0.12284 -0.00553 -0.04079 -0.00541 -0.06941 
-0.00269 -0.00308 -0.00266 -0.06409 -0.00278 -0.01901 -0.00270 -0.03560 
 
Table B.2. Experimental data for Figure 4.19 
Plain SGL 10AA 
Sample 4r (-20mA 
for 0.2s) 
Sample 5 (-10mA 
for 1s) 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0030 0.0060 0.0027 0.0867 0.0021 0.1719 
0.0059 0.0128 0.0054 0.1952 0.0038 0.4065 
0.0089 0.0198 0.0080 0.3009 0.0056 0.6283 
0.0118 0.0274 0.0107 0.4186 0.0074 0.8520 
0.0148 0.0344 0.0133 0.5268 0.0092 1.0803 
0.0177 0.0416 0.0159 0.6378 0.0109 1.3309 
0.0206 0.0495 0.0186 0.7508 0.0126 1.5654 
0.0236 0.0565 0.0212 0.8575 0.0143 1.8101 
0.0207 0.0476 0.0186 0.7369 0.0127 1.5601 
0.0177 0.0400 0.0160 0.6244 0.0109 1.3245 
0.0148 0.0324 0.0133 0.5126 0.0092 1.0771 
0.0118 0.0249 0.0107 0.4046 0.0075 0.8496 
0.0089 0.0175 0.0081 0.2901 0.0057 0.6252 
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0.0059 0.0105 0.0054 0.1866 0.0038 0.4068 
0.0030 0.0042 0.0027 0.0787 0.0021 0.1770 
-0.0029 -0.0096 -0.0026 -0.1277 -0.0017 -0.2364 
-0.0059 -0.0163 -0.0053 -0.2306 -0.0036 -0.4531 
-0.0088 -0.0225 -0.0079 -0.3393 -0.0055 -0.6566 
-0.0118 -0.0293 -0.0106 -0.4441 -0.0074 -0.8578 
-0.0147 -0.0360 -0.0132 -0.5529 -0.0095 -1.0349 
-0.0177 -0.0430 -0.0159 -0.6510 -0.0114 -1.2365 
-0.0206 -0.0496 -0.0186 -0.7460 -0.0134 -1.4241 
-0.0236 -0.0565 -0.0212 -0.8554 -0.0151 -1.6576 
-0.0207 -0.0488 -0.0186 -0.7407 -0.0133 -1.4420 
-0.0177 -0.0410 -0.0159 -0.6438 -0.0113 -1.2449 
-0.0148 -0.0339 -0.0133 -0.5330 -0.0094 -1.0474 
-0.0118 -0.0263 -0.0106 -0.4260 -0.0075 -0.8461 
-0.0089 -0.0194 -0.0080 -0.3174 -0.0056 -0.6427 
-0.0059 -0.0127 -0.0053 -0.2106 -0.0037 -0.4297 
-0.0030 -0.0058 -0.0027 -0.1061 -0.0019 -0.2095 
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Table B.3. Experimental data for Figure 4.20 
 
3 pc Plain – 10 
cc/min/cm2 
3 pc Plain – 20 
cc/min/cm2 
Sample 5(MWCNT 
– 10 cc/min/cm2) 
I 
(A.cm2) V I (A.cm2) V 
I 
(A.cm2) V 
0 1.086478 0 1.087604 0 1.081869 
0.099848 1.049714 0.09979745 1.052786 0.124717 1.043774 
0.199883 1.012438 0.19978136 1.017763 0.208037 1.017661 
0.299918 0.974344 0.29996912 0.982229 0.333093 0.976801 
0.400004 0.93543 0.40000399 0.945875 0.416413 0.948845 
0.500141 0.895082 0.50003886 0.907575 0.49958 0.92181 
0.600074 0.854427 0.60017566 0.868661 0.624637 0.881257 
0.700312 0.814182 0.70021053 0.829747 0.707957 0.848385 
0.800245 0.774756 0.80034733 0.791345 0.833013 0.800459 
0.900331 0.733998 0.90028028 0.752226 0.916486 0.76728 
1.000417 0.692012 1.00041707 0.713824 0.999806 0.729492 
0 1.083713 0 1.08402 0 1.079104 
0.10017 1.122729 0.10017039 1.120271 0.12509 1.115663 
0.200307 1.160721 0.20025622 1.154577 0.208563 1.139319 
0.300291 1.197997 0.30039301 1.188268 0.29173 1.162053 
0.400581 1.235785 0.4005298 1.22196 0.416939 1.196154 
0.500514 1.275313 0.50046275 1.255754 0.500259 1.21858 
  0.60054859 1.290059 0.583426 1.2407 
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Table B.4. Experimental data for Figure 5.7 
Plain SGL 10AA 
Sample 1 (-30mA 
for 5s) 
Sample 2 (-30mA 
for 15s) 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0029 0.0127 0.0015 0.2467 0.0013 0.3388 
0.0057 0.0289 0.0029 0.5120 0.0025 0.7059 
0.0086 0.0440 0.0041 0.8100 0.0035 1.1057 
0.0114 0.0601 0.0053 1.1122 0.0046 1.4940 
0.0142 0.0760 0.0066 1.4068 0.0056 1.9037 
0.0171 0.0925 0.0077 1.7222 0.0067 2.2891 
0.0199 0.1092 0.0089 2.0208 0.0076 2.7056 
0.0227 0.1266 0.0100 2.3365 0.0085 3.1214 
0.0199 0.1085 0.0089 2.0176 0.0077 2.6884 
0.0171 0.0920 0.0076 1.7252 0.0067 2.2899 
0.0143 0.0753 0.0064 1.4333 0.0057 1.8866 
0.0114 0.0586 0.0052 1.1341 0.0047 1.4828 
0.0086 0.0433 0.0040 0.8278 0.0036 1.0813 
0.0057 0.0279 0.0028 0.5306 0.0026 0.6933 
0.0029 0.0124 0.0015 0.2566 0.0015 0.3072 
-0.0028 -0.0167 -0.0008 -0.3705 -0.0007 -0.4563 
-0.0057 -0.0311 -0.0021 -0.6486 -0.0018 -0.8463 
-0.0085 -0.0457 -0.0034 -0.9308 -0.0029 -1.2249 
-0.0114 -0.0603 -0.0047 -1.2144 -0.0041 -1.6010 
-0.0143 -0.0733 -0.0060 -1.4989 -0.0052 -1.9709 
-0.0171 -0.0879 -0.0074 -1.7741 -0.0064 -2.3433 
-0.0200 -0.1002 -0.0086 -2.0666 -0.0075 -2.7344 
-0.0229 -0.1151 -0.0099 -2.3514 -0.0087 -3.0970 
-0.0200 -0.1008 -0.0086 -2.0711 -0.0076 -2.7159 
-0.0171 -0.0862 -0.0073 -1.7897 -0.0065 -2.3196 
-0.0143 -0.0714 -0.0059 -1.5167 -0.0053 -1.9526 
-0.0114 -0.0570 -0.0047 -1.2247 -0.0042 -1.5755 
-0.0086 -0.0438 -0.0034 -0.9373 -0.0031 -1.1883 
-0.0057 -0.0288 -0.0021 -0.6478 -0.0019 -0.8211 
-0.0028 -0.0151 -0.0009 -0.3540 -0.0009 -0.4218 
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Table B.5. Experimental data for Figure 5.9 
CVD: 15 min CVD: 30 min CVD: 45 min CVD: 60 min 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0016 0.2338 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0028 0.5440 0.0015 0.2710 0.0013 0.3388 0.0013 0.3311 
0.0041 0.8456 0.0026 0.6139 0.0025 0.7059 0.0024 0.7081 
0.0054 1.1409 0.0037 0.9444 0.0035 1.1057 0.0033 1.1214 
0.0067 1.4375 0.0048 1.2785 0.0046 1.4940 0.0044 1.5093 
0.0079 1.7373 0.0060 1.6117 0.0056 1.9037 0.0053 1.9085 
0.0092 2.0339 0.0070 1.9557 0.0067 2.2891 0.0063 2.3212 
0.0105 2.3253 0.0083 2.2683 0.0076 2.7056 0.0072 2.7308 
0.0092 2.0343 0.0093 2.6208 0.0085 3.1214 0.0081 3.1475 
0.0080 1.7227 0.0082 2.2811 0.0077 2.6884 0.0071 2.7402 
0.0067 1.4366 0.0071 1.9503 0.0067 2.2899 0.0062 2.3323 
0.0055 1.1195 0.0060 1.5997 0.0057 1.8866 0.0053 1.9131 
0.0042 0.8208 0.0050 1.2563 0.0047 1.4828 0.0044 1.5035 
0.0029 0.5302 0.0038 0.9268 0.0036 1.0813 0.0034 1.1047 
0.0017 0.2316 0.0027 0.5872 0.0026 0.6933 0.0024 0.7110 
-0.0010 -0.3486 0.0016 0.2571 0.0015 0.3072 0.0014 0.3115 
-0.0023 -0.6388 -0.0008 -0.3932 -0.0007 -0.4563 -0.0008 -0.4446 
-0.0036 -0.9250 -0.0020 -0.7120 -0.0018 -0.8463 -0.0018 -0.8260 
-0.0050 -1.2018 -0.0032 -1.0419 -0.0029 -1.2249 -0.0027 -1.2396 
-0.0063 -1.5062 -0.0043 -1.3748 -0.0041 -1.6010 -0.0037 -1.6312 
-0.0077 -1.7821 -0.0055 -1.6982 -0.0052 -1.9709 -0.0048 -2.0253 
-0.0090 -2.0669 -0.0066 -2.0391 -0.0064 -2.3433 -0.0058 -2.4143 
-0.0104 -2.3490 -0.0078 -2.3559 -0.0075 -2.7344 -0.0068 -2.8010 
-0.0091 -2.0494 -0.0088 -2.7068 -0.0087 -3.0970 -0.0079 -3.1910 
-0.0077 -1.7722 -0.0077 -2.3679 -0.0076 -2.7159 -0.0067 -2.8189 
-0.0064 -1.4879 -0.0066 -2.0277 -0.0065 -2.3196 -0.0057 -2.4228 
-0.0051 -1.1943 -0.0055 -1.7012 -0.0053 -1.9526 -0.0048 -2.0113 
-0.0037 -0.9139 -0.0044 -1.3606 -0.0042 -1.5755 -0.0038 -1.6208 
-0.0024 -0.6264 -0.0032 -1.0332 -0.0031 -1.1883 -0.0028 -1.2257 
-0.0008 -0.3174 -0.0020 -0.7067 -0.0019 -0.8211 -0.0018 -0.8371 
  -0.0009 -0.3731 -0.0009 -0.4218 -0.0008 -0.4347 
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Table B.6. Experimental data for Figure 5.10 
After 2 hours After 4 hours After 7 hours 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0029 0.0314 0.0029 0.0315 0.0029 0.0318 
0.0057 0.0723 0.0057 0.0728 0.0057 0.0725 
0.0086 0.1137 0.0086 0.1154 0.0086 0.1151 
0.0114 0.1577 0.0114 0.1616 0.0114 0.1601 
0.0142 0.2072 0.0142 0.2077 0.0142 0.2076 
0.0170 0.2549 0.0170 0.2563 0.0170 0.2561 
0.0199 0.3036 0.0198 0.3058 0.0198 0.3069 
0.0227 0.3569 0.0226 0.3601 0.0226 0.3598 
0.0199 0.3032 0.0198 0.3058 0.0199 0.3035 
0.0171 0.2507 0.0170 0.2544 0.0170 0.2542 
0.0142 0.2025 0.0142 0.2053 0.0142 0.2060 
0.0114 0.1566 0.0114 0.1591 0.0114 0.1599 
0.0086 0.1124 0.0086 0.1131 0.0086 0.1149 
0.0057 0.0708 0.0057 0.0712 0.0057 0.0728 
0.0029 0.0306 0.0029 0.0306 0.0029 0.0320 
-0.0028 -0.0476 -0.0028 -0.0474 -0.0028 -0.0474 
-0.0057 -0.0864 -0.0057 -0.0867 -0.0057 -0.0862 
-0.0085 -0.1247 -0.0085 -0.1254 -0.0085 -0.1247 
-0.0114 -0.1649 -0.0114 -0.1659 -0.0114 -0.1661 
-0.0142 -0.2047 -0.0142 -0.2064 -0.0142 -0.2063 
-0.0171 -0.2445 -0.0171 -0.2465 -0.0171 -0.2469 
-0.0199 -0.2865 -0.0199 -0.2884 -0.0199 -0.2892 
-0.0228 -0.3283 -0.0227 -0.3321 -0.0228 -0.3304 
-0.0199 -0.2873 -0.0199 -0.2891 -0.0199 -0.2902 
-0.0171 -0.2473 -0.0171 -0.2485 -0.0171 -0.2484 
-0.0142 -0.2071 -0.0142 -0.2080 -0.0142 -0.2089 
-0.0114 -0.1671 -0.0114 -0.1691 -0.0114 -0.1685 
-0.0085 -0.1263 -0.0085 -0.1271 -0.0085 -0.1280 
-0.0057 -0.0877 -0.0057 -0.0885 -0.0057 -0.0877 
-0.0028 -0.0480 -0.0028 -0.0481 -0.0028 -0.0477 
0.0029 0.0314 0.0029 0.0315 0.0029 0.0318 
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Table B.7. Experimental data for Figure 5.11a 
CVD: 15 min CVD: 30 min CVD: 45 min CVD: 60 min 
Time 
(hrs) 
Slope 
(dI/dV) 
Time 
(hrs) 
Slope 
(dI/dV) 
Time 
(hrs) 
Slope 
(dI/dV) 
Time 
(hrs) 
Slope 
(dI/dV) 
0 104 0 121 0 226 0 212 
2 83.2 2 108 2 203 2 201 
4 76 3.5 103.3 3.5 193 3.5 195.2 
6 73.7 5 100.7 5 192.7 5 193.2 
8 73.5 7 100 6.5 192 6.5 193 
9 73.7       
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Table B.8. Experimental data for Figure 5.11b 
CVD: 15 min CVD: 30 min 
Initial Final Initial 
 
Final 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0024 0.1931 0.0026 0.1335 0.0024 0.2074 0.0025 0.1671 
0.0047 0.4437 0.0051 0.3248 0.0047 0.4770 0.0047 0.4095 
0.0070 0.6900 0.0075 0.5095 0.0069 0.7492 0.0070 0.6399 
0.0093 0.9343 0.0100 0.6902 0.0091 1.0260 0.0093 0.8698 
0.0116 1.1873 0.0125 0.8753 0.0114 1.3005 0.0116 1.1026 
0.0139 1.4212 0.0150 1.0610 0.0136 1.5663 0.0139 1.3303 
0.0163 1.6633 0.0175 1.2427 0.0159 1.8352 0.0162 1.5688 
0.0186 1.8910 0.0199 1.4224 0.0181 2.1039 0.0184 1.8028 
0.0163 1.6369 0.0175 1.2388 0.0159 1.8327 0.0162 1.5550 
0.0140 1.3965 0.0150 1.0592 0.0136 1.5610 0.0140 1.3136 
0.0117 1.1544 0.0125 0.8759 0.0114 1.2844 0.0117 1.0837 
0.0094 0.9125 0.0100 0.6867 0.0092 1.0129 0.0094 0.8520 
0.0071 0.6692 0.0076 0.5070 0.0069 0.7489 0.0071 0.6270 
0.0048 0.4258 0.0051 0.3247 0.0047 0.4709 0.0048 0.3986 
0.0025 0.1831 0.0026 0.1344 0.0025 0.1917 0.0025 0.1576 
-0.0021 -0.3005 -0.0024 -0.2275 -0.0020 -0.3494 -0.0021 -0.2940 
-0.0045 -0.5417 -0.0048 -0.4105 -0.0043 -0.6197 -0.0044 -0.5243 
-0.0068 -0.7799 -0.0073 -0.5955 -0.0065 -0.8871 -0.0067 -0.7578 
-0.0091 -1.0178 -0.0098 -0.7782 -0.0088 -1.1539 -0.0090 -0.9881 
-0.0114 -1.2511 -0.0123 -0.9589 -0.0110 -1.4137 -0.0113 -1.2146 
-0.0138 -1.4904 -0.0147 -1.1424 -0.0133 -1.6925 -0.0136 -1.4394 
-0.0161 -1.7215 -0.0172 -1.3210 -0.0155 -1.9621 -0.0159 -1.6719 
-0.0185 -1.9429 -0.0197 -1.4930 -0.0177 -2.2328 -0.0182 -1.8976 
-0.0161 -1.7049 -0.0173 -1.3147 -0.0155 -1.9552 -0.0159 -1.6641 
-0.0138 -1.4581 -0.0148 -1.1360 -0.0133 -1.6816 -0.0136 -1.4279 
-0.0115 -1.2195 -0.0123 -0.9529 -0.0110 -1.4114 -0.0113 -1.2023 
-0.0092 -0.9928 -0.0098 -0.7703 -0.0088 -1.1382 -0.0090 -0.9723 
-0.0068 -0.7618 -0.0073 -0.5881 -0.0066 -0.8687 -0.0067 -0.7455 
-0.0045 -0.5255 -0.0048 -0.4066 -0.0043 -0.6107 -0.0044 -0.5200 
-0.0022 -0.2873 -0.0024 -0.2246 -0.0020 -0.3487 -0.0021 -0.2914 
 
 
 
 
234 
 
CVD: 45 min CVD: 60 min 
Initial Final Initial 
 
Final 
η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) η (V) I (A/g) 
0.0021 0.3340 0.0022 0.2910 0.0021 0.3097 0.0022 0.2877 
0.0040 0.7518 0.0041 0.6690 0.0040 0.7016 0.0041 0.6602 
0.0058 1.1761 0.0060 1.0515 0.0059 1.1000 0.0060 1.0343 
0.0076 1.6196 0.0079 1.4281 0.0078 1.4994 0.0080 1.4069 
0.0094 2.0579 0.0099 1.7798 0.0096 1.8945 0.0099 1.7927 
0.0113 2.4738 0.0119 2.1434 0.0115 2.2924 0.0118 2.1735 
0.0131 2.9278 0.0138 2.5313 0.0134 2.6916 0.0137 2.5549 
0.0150 3.3467 0.0157 2.9178 0.0152 3.0898 0.0156 2.9290 
0.0131 2.9105 0.0137 2.5451 0.0134 2.6842 0.0137 2.5353 
0.0113 2.4787 0.0118 2.1730 0.0115 2.2784 0.0119 2.1341 
0.0096 2.0117 0.0099 1.7970 0.0097 1.8732 0.0100 1.7609 
0.0077 1.5867 0.0080 1.4116 0.0078 1.4750 0.0080 1.3926 
0.0058 1.1817 0.0060 1.0409 0.0059 1.0793 0.0061 1.0286 
0.0039 0.7687 0.0041 0.6706 0.0041 0.6835 0.0041 0.6587 
0.0021 0.3455 0.0022 0.2931 0.0022 0.2885 0.0022 0.2858 
-0.0017 -0.4902 -0.0017 -0.4662 -0.0015 -0.5122 -0.0017 -0.4566 
-0.0035 -0.9145 -0.0036 -0.8373 -0.0034 -0.9072 -0.0036 -0.8280 
-0.0054 -1.3297 -0.0056 -1.2098 -0.0053 -1.3038 -0.0056 -1.1962 
-0.0073 -1.7591 -0.0075 -1.5846 -0.0072 -1.6999 -0.0075 -1.5661 
-0.0091 -2.1809 -0.0095 -1.9381 -0.0091 -2.0944 -0.0094 -1.9412 
-0.0110 -2.5846 -0.0115 -2.2845 -0.0109 -2.4950 -0.0114 -2.3110 
-0.0128 -3.0191 -0.0134 -2.6609 -0.0128 -2.8865 -0.0133 -2.6882 
-0.0147 -3.4457 -0.0154 -3.0298 -0.0147 -3.2738 -0.0152 -3.0650 
-0.0130 -2.9802 -0.0134 -2.6514 -0.0128 -2.8795 -0.0133 -2.6931 
-0.0111 -2.5403 -0.0115 -2.2674 -0.0110 -2.4793 -0.0114 -2.3091 
-0.0092 -2.1473 -0.0095 -1.9199 -0.0091 -2.0791 -0.0094 -1.9407 
-0.0074 -1.7146 -0.0075 -1.5718 -0.0072 -1.6831 -0.0075 -1.5762 
-0.0055 -1.3031 -0.0056 -1.1994 -0.0053 -1.2935 -0.0056 -1.2039 
-0.0036 -0.8955 -0.0036 -0.8286 -0.0035 -0.8986 -0.0036 -0.8289 
-0.0017 -0.4779 -0.0017 -0.4581 -0.0016 -0.5071 -0.0017 -0.4520 
 
 
 
 
